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ABSTRACT 
 Carbon dioxide (CO2) is predicted to increase in both marine and freshwater 
environments in the near future. This can be caused by both natural (daily and seasonal 
fluctuations) and anthropogenic (climate change and more recently non-physical fish barriers) 
sources. Carbon dioxide has proven very effective at causing avoidance and deterring fish 
movement. This is promising for its use as a non-physical barrier; however, before these barriers 
can be implemented, the impacts of elevated carbon dioxide on non-target organisms need to be 
defined. Freshwater unionid mussels are a non-target taxa that have the potential to be affected 
by elevated CO2. Unionid mussels are some of the most threatened taxa worldwide, with more 
than half (71%) of the species in North America listed as threatened, endangered, or already 
extinct. This, coupled with the fact that there have been many studies documenting a negative 
impact of elevated CO2 on marine invertebrates, demonstrates a critical knowledge gap that 
needs to be filled related to potential impacts of elevated carbon dioxide on freshwater mussels. 
The work presented in this thesis is the first research on the physiological effects of elevated 
partial pressure of CO2 (pCO2) on freshwater mussels. Freshwater unionid mussels show a 
number of different mechanisms to buffer acidosis when they are exposed to short, long, and 
fluctuating elevated pCO2, and there is evidence of recovery should a CO2 stressor be removed. 
However, there are individual species differences when mussels are exposed to elevated pCO2. 
General trends observed across most species in response to elevated pCO2 were elevated HCO3-, 
Ca2+, Na+ and decreased Cl- in hemolymph to regulate acid-base balance. Additionally, unionid 
mussels also showed evidence of stress in response to long-term and fluctuating exposures to 
elevated pCO2, as demonstrated by elevated glucose levels and decrease Mg2+ concentrations in 
the hemolymph. Chapter 1 quantified hemolymph responses of one species of unionid mussel to 
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short-term (6 h) exposure to elevated pCO2 and subsequent recovery (6h), as well as a long term 
exposure (32 d). To quantify recovery from a long term CO2 exposure, chapter 2 examined long-
term responses of two species of unionid mussels to 28 d exposure and 14d recovery. Finally, 
due to the many different possible mechanisms of future increases in pCO2, as well as CO2 
barriers still being in the design stage, chapter 3 looked at yet a different type of exposure that 
may be more ecologically relevant: the effects of fluctuating exposure to elevated pCO2 on three 
species of unionid mussels. Together the results of the studies show that, though there are species 
differences, freshwater unionid mussels exposed to elevated levels of pCO2 have changes in 
hemolymph that represent acid-base regulation as well as a stress response, and there is evidence 
for recovery should this stress be removed.  
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CHAPTER 1: GENERAL INTRODUCTION 
 
Invasive species can impact native organisms through competitive exclusion, niche 
displacement, hybridization, introgression, predation, and, ultimately, extinction (69). In the 
United States invaders are considered the second greatest threat to imperiled species, second only 
to habitat destruction (123). This is causing freshwater fauna in North America to have 
extinction rates matching those of tropical forests (90). Many of these invaders are concentrated 
in the Great Lakes and Mississippi River basin, which has the highest introduction rate recoded 
for a freshwater system (87). 
Recently, two species of invasive fish, silver carp (Hypophthalmichthys molitrix) and 
bighead carp (H. nobilis) (hereafter, collectively referred to as bigheaded carps), have 
experienced dramatic increases in population sizes, coupled with rapid range expansion 
throughout the Mississippi Basin. They are spreading towards the Great Lakes Basin causing 
substantial concern. These fish are planktivorous filter feeders that primarily consume algae and 
zooplankton (99). A diet overlap has been found between bigheaded carps and a few species of 
native fish, as well as a decrease in body condition of two native species that corresponds with 
the establishment of bigheaded carps (52, 99). Thus, bigheaded carps have a potential to 
negatively affect both the condition of nation fish and the structure of the aquatic food web. The 
leading edge of bigheaded carps is about 35 km away from an artificial, anthropogenic 
connection between the Mississippi River and Laurentian Great Lakes basin (74), the Chicago 
Area Waterway System (CAWS).  
The current management strategy to keep these fish out of the great lakes is a trio of 
electrified barriers in the CAWS (21, 74). While it is currently believed that no bigheaded carps 
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have traversed this barrier, no non-physical barrier is 100 % effective at stopping all fish 
movement (72), indicating a need to develop additional, redundant technologies to contain 
bigheaded carps in the Mississippi basin. More importantly, evaluative studies have revealed 
potential weaknesses with the existing electric barriers within the CCSC that may make them 
vulnerable to passage by bigheaded carps. For instance, electric barrier effectiveness can vary 
based on fish species, conductivity of the water, water temperature, debris, electric current type, 
direction of current, distance from electrodes, and fish size (29, 72). Thus, additional barrier 
locations and technologies that would create redundancy and reduce the risk of invasive fishes 
entering the Great Lakes from the Mississippi basin would be valuable. 
With the ever-increasing abundance of aquatic invasive species, non-physical barrier 
technologies that deter the movement of invasive species without impeding boat traffic, have 
become very popular. The deterrence of invasive species is important, because their spread can 
have substantial and long-lasting negative impacts on the resident populations and “invaded” 
environments (79, 88). Because the CAWS is currently considered to be the most likely pathway 
by which bigheaded carps could expand into the Great Lakes basin from the Mississippi, several 
agencies are proposing the development of novel barrier technologies at a point downstream of 
the electric barrier, with Brandon Road Lock and Dam being one barrier site being discussed 
(108). This location is being considered for the development of novel barrier technologies as this 
lock is at the leading edge of where adult bigheaded carps have expanded to, and represents a 
“choke point” to cut off access to the Great Lakes (108). There are a number of different designs 
to this novel barrier currently being discussed, including a modified ship movement channel, re-
design of the actual shipping lock, and the installation of novel deterrent technologies, including 
strobe lights or acoustic deterrents (108). More importantly, carbon dioxide gas (CO2) is one of 
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the proposed novel barriers currently being considered for installation at Brandon Road Lock and 
Dam (108).  
Carbon dioxide is one promising option to supplement the current electric barrier system, 
as it has been shown as an effective tool to deter fish movements. Fish appear to sense elevated 
CO2 at their gills with chemoreceptors, thereby allowing them to make decisions about 
avoidance (35). If fish choose not to avoid zones of elevated CO2, extended exposure can lead to 
loss of equilibrium (53, 126). Short-term exposure to elevated CO2 can also cause respiratory and 
metabolic acidosis (10), ion imbalance (13), and upregulation of genes associated with stress (25, 
56, 98). 
There are a number of potential deployment designs that could be used for a CO2 barrier, 
many of which are under investigation. One potential model would be to create a “dead zone” 
inside the shipping lock through the addition of CO2 when it is closed, and then releasing this 
CO2 plume downstream every time the lock opens (108); this would result in a pulsing of CO2 
downstream coinciding to the opening of the lock, with this pulse dissipating when the lock is 
closed. Another option is to have a zone of constant infusion of CO2 in front of the lock (i.e., 
downstream) to deter fish from entering the lock, possibly coupled with additional stimuli such 
chemical, electric, acoustic, light, or bubble barriers (108); this would result in a continuous 
release of CO2 into the environment that dissipates as it moves downstream. There are a number 
of factors being considered when designing or implementing novel barriers, including cost, 
efficiency, maintenance, and impacts to the surrounding environment. When the development of 
CO2 barriers is being considered, one must also consider potential impacts to non-target species, 
especially less mobile native freshwater mussel communities. 
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North American freshwater ecosystems contain the highest diversity of freshwater 
mussels (Order Unionidae) in the world with over 297 species, and four main tribes Quadrulini, 
Lampsilini, Pleurobemini, and Amblemini (18) (89, 125). Freshwater mussels serve many crucial 
functions in aquatic ecosystems, influence many ecosystem processes, and are often used as an 
indicator of ecosystem health (125). For example, the volume of water filtered by mussels can 
equal or exceed daily stream discharge if there is a dense bed of unionids, and they can remove 
harmful particles from the environment (114). Mussels influence phytoplankton abundances, 
water clarity, nitrogen availability, and can essentially create nutrient productivity hotspots (50). 
Freshwater mussels also provide links to higher trophic levels as food for fish, mammals, and 
birds (125). Though North America has the highest diversity of freshwater mussels, more than 
half of these mussels, 213 species (71 %), are listed as endangered, threatened, or of special 
concern, (125), and many are presumed extinct or functionally extinct (i.e. cannot reproduce). It 
is currently believed that the primary driver for the decline in freshwater mussel populations is 
anthropogenic stressors such at habitat alteration and degradation (89, 125). Freshwater mussels 
can be quite different from each other in terms of physiology, life-history, and behavior. These 
differences are often classified by tribe and can affect how mussels respond to a stressor, 
encouraging multi-species studies. Thus, with their many contributions to the environment, 
coupled with an already impending threat of extinction, it is important to quantify how various 
stressors, either natural or anthropogenic, will affect many species of unionid mussels. 
At present, there is a paucity of studies that have investigated the effects of elevated 
carbon dioxide on freshwater mussels. In contrast, current research in the context of climate 
change and ocean acidification suggests that marine mussels are very sensitive to elevated levels 
of carbon dioxide, providing a number of hypotheses and potential mechanisms by which 
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elevated CO2 could impact freshwater mussels. For example, elevated CO2 and the 
accompanying decrease in pH has been shown to cause reduced growth, reduced immune 
function (8), shell dissolution (11, 68), altered metabolic rate (68, 106), reduced protein 
synthesis, and altered ion exchange (81). Elevated CO2 in the water often causes the fluids of 
aquatic organisms to become acidified (82). One way that animals can combat this is to buffer 
acidosis by altering ion concentrations in their fluids. This is mainly achieved by increasing 
HCO3- and decreasing H+ concentrations (82). The multitude of detrimental effects observed in 
the marine environments as well the multiple proposed barrier applications, indicates the need 
for research to be carried out on freshwater mussels at a multitude of different exposures to CO2.  
Exposure of organisms to extended chronic or intermittent stressors can lead to muscle 
breakdown reproduction suppression, decreased survival, autoimmune immunosuppression and 
more (96). Additionally studies have shown that repeated daily exposure to the same stressors 
results in habituation of the stress response, which can confer benefits to an organism by 
reducing the cost of dealing with a stressor (6). However, other studies have demonstrated that 
repeated stressors that directly affect survival can have a compounding effect and increase the 
stress response over time (6). Due to the inconsistency of the response to repeated stressors, 
understanding how repeated exposure to CO2 will affect unionid mussels is a necessary step to 
inform a barrier design about how to reduce negative impacts to native species. Further, different 
species have varying reactions to changes in environmental stimuli, in the short-term, long-term, 
and repeated exposures, which makes the case that experiments examining all of these scenarios 
will produce a more complete picture. 
Based on this background, the overall goal of my thesis was to quantify the impacts of 
elevated CO2, in the context of barriers to invasive fish movement, on the physiological 
 6 
	  
responses of freshwater unionid mussels. The first chapter of my thesis defined the physiological 
responses of a Unionidae mussel (Fusconaia flava) exposed to elevated carbon dioxide levels for 
two different durations (short- and long-term), as well as during recovery from short-term 
exposure. The second chapter of my thesis investigated the physiological responses of two 
species of unionid mussels to chronic exposures to barrier level CO2 and subsequent recovery. 
The third chapter of my thesis looked at the physiological effect of fluctuating exposures of 
elevated CO2 on three species of unionid mussel. Together, these three studies helped to improve 
our understanding of the impacts of hypercarbia exposure on unionid mussels, and can help us to 
determine the potential effects of a carbon dioxide barrier on non-target resident organisms.  
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CHAPTER 2: PHYSIOLOGICAL EFFECTS OF SHORT- AND LONG-TERM 
EXPOSURE TO ELEVATED CARBON DIOXIDE ON A FRESHWATER MUSSEL, 
Fusconaia flava1 
 
Abstract 
Zones of elevated carbon dioxide (CO2) have the potential to deter the movement of 
fishes. Should CO2 be used as a barrier, non-target organisms, such as freshwater mussels, have 
the potential to be impacted. In this study, the physiological responses of adult Fusconaia flava 
exposed to elevated partial pressures of CO2 (pCO2) over both short-term (6 h exposure with 6 h 
recovery) and long-term (4, 8, and 32 d exposure) periods were measured. A 6 h exposure to 
either ~15,000 µatm or ~200,000 µatm caused an elevation in hemolymph Ca2+. Exposure to 
~200,000 µatm resulted in a decrease in hemolymph Cl-, and exposure to ~15,000 µatm caused 
an increase in hemolymph Na+, whereas ~200,000 µatm caused a decrease. Exposure to elevated 
pCO2 for long-term periods caused a decrease in hemolymph Mg2+, and an initial increase in 
hemolymph Ca2+. Body condition and hemolymph glucose were not significantly influenced by 
elevated pCO2 for both experiments. This study shows that elevated pCO2 had limited impacts 
on the physiological responses of adult freshwater mussels. 
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The introduction of non-native species can have long-lasting impacts on resident 
populations and “invaded” environments (79, 88). Many invaders have been concentrated in the 
Great Lakes and Mississippi River basin. Since 1840, more than 182 species have been 
introduced into this region, which is the highest introduction rate recorded for a freshwater 
system (87). Recently, two species of invasive fish, silver carp (Hypophthalmichthys molitrix) 
and bighead carp (H. nobilis) (hereafter, collectively referred to as bigheaded carps), have 
experienced dramatic increases in population size coupled with rapid range expansion 
throughout the Mississippi Basin, and are spreading towards the Great Lakes Basin causing 
substantial concern. Bigheaded carps have the potential to negatively affect the structure of the 
aquatic food web and transform aquatic invaded habitats (99). The leading edge of bigheaded 
carps is about 75 km away from the Chicago Area Waterway System (CAWS), an artificial, 
anthropogenic connection between the Mississippi River and Laurentian Great Lakes basin (74). 
One pillar of the current management strategy to impede the movement of bigheaded carps from 
their current range into the Great Lakes is a trio of electrified barriers in the CAWS. While it is 
currently believed that no bigheaded carps have traversed this barrier, no non-physical barrier is 
100% effective at stopping all fish movement (72), suggesting a need to develop additional, 
redundant technologies to contain bigheaded carps in the Mississippi basin.  
Carbon dioxide gas (CO2) added to water has the potential to be an effective tool to deter 
fish movements (56), which may be a promising option to supplement the current electric barrier 
system for deterring the spread of bigheaded carps. The concept behind a CO2 barrier is that fish 
should avoid zones of elevated carbon dioxide once a target CO2 level has been reached, thereby 
acting as a non-physical barrier to influence movement (72). For example, Dennis et al. (25) used 
laboratory studies to show that several species of juvenile fishes, including bigheaded carps, 
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would actively avoid zones of CO2 once partial pressures had been elevated to approximately 
~200,000 µatm. There are a number of potential methods by which CO2 gas could be deployed in 
a real-world setting to act as a fish barrier, including both short-term (temporary) or long-term 
applications that may be installed at strategic movement locations frequented by bigheaded 
carps, such as in natural backwater habitats or at navigational structures (108). Should CO2 
barriers be deployed at a target area, it is likely that CO2 gas would spread beyond the point of 
application, with CO2 levels falling due to dilution as distance from the application point 
increases. Despite the promise of CO2 as a novel barrier technology, many challenges exist prior 
to its deployment including assessing the potential impacts of elevated partial pressures of CO2 
(pCO2) on non-target organisms. 
One group of non-target organisms that may be affected by the deployment of a CO2 
barrier is freshwater mussels, which can be found in a variety of aquatic habitats, and are key 
components of freshwater ecosystems. Freshwater mussels serve many crucial ecological 
functions, influence many ecosystem processes in freshwater systems, and are often used as an 
indicator of ecosystem health (125). The volume of water filtered by mussels can equal or exceed 
daily stream discharge if there is a dense bed of unionids, and they can remove harmful particles 
from the environment (114). Mussels influence phytoplankton abundance, water clarity, nitrogen 
availability, and can create nutrient productivity hotspots (50). Freshwater mussels also provide 
links to higher trophic levels as food for fish, mammals, and birds (125). North American 
freshwater ecosystems contain the highest diversity of freshwater mussels in the world—297 
species, which is one-third of the entire freshwater fauna (89, 125). Unfortunately, even though 
North America has the highest diversity of freshwater mussels, more than half of these mussels, 
213 species (71%), are listed as endangered, threatened, or of special concern (125), and 7% are 
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presumed extinct or functionally extinct (i.e., cannot reproduce), indicating their fragile nature 
and vulnerability to environmental perturbation. Importantly, there is a paucity of studies on the 
effects of elevated pCO2 on mussels in freshwater, making it difficult to predict how these 
organisms might respond to exposure to elevated pCO2.  
The goal of the present study was to quantify the physiological responses of freshwater 
mussels to elevated pCO2 exposure. Due to the potential for a CO2 barrier to take different forms, 
and the exposure of mussels to occur at different distances from the application site, mussels 
were exposed to elevated pCO2 levels for both a short- and long-term period. To reflect exposure 
to a pulse of CO2, adult Wabash pigtoe mussels (Fusconaia flava) were exposed to elevated 
pCO2 (~15,000 and ~200,000 µatm) for 6 h and then returned to control water for an additional 6 
h to assess recovery potential. To examine the impacts of an extended exposure to elevated pCO2 
that may be experienced by mussels downstream of a barrier, mussels were also exposed to 4, 8, 
and 32 d of elevated pCO2 (~20,000 µatm). It was hypothesized that mussels would experience 
ionic and energetic disturbances in response to elevated pCO2 exposure consistent with 
regulating acid-base disturbances. Exposure to elevated pCO2 in marine bivalves (68), and 
exposure of freshwater bivalves to strong acidification (i.e., sulfuric acid; (84)) and emersion 
(i.e., exposure to air; (15, 16)), elicits a number of acid-base regulatory mechanisms such as a 
decrease in hemolymph pH and an increase in HCO3-, and exposure to elevated pCO2 for 
freshwater mussels was expected to invoke a similar response for freshwater mussels. Finally, as 
elevated pCO2 may act as a stressor, it was predicted that glucose levels would increase and 
hemolymph Mg2+ would decrease (32). Thus, mussels were sampled for hemolymph ions (Ca2+, 
Na+, Cl-, Mg2+) and glucose concentrations after short- and long-term pCO2 exposure, and 
assessed for body condition index (BCI) during the long-term exposure. Responses of freshwater 
 11 
	  
mussels to short- and long-term exposure to elevated pCO2 levels may differ, and therefore 
attaining a broad understanding of mussel responses to different levels and durations of pCO2 
exposure will help inform management and policy makers on the potential impacts of CO2 
barriers on native freshwater mussels.  
 
Methods 
Mussel collection and husbandry 
Fusconaia flava were collected by benthic grab from Big Four Ditch, Paxton, IL, USA, in 
September 2014. Following collection, mussels were transported to the Aquatic Research 
Facility at the University of Illinois, Champaign-Urbana, IL, USA in coolers (travel time < 1 h). 
Upon arrival, mussels were cleaned of epibionts, tagged for individual identification with Queen 
Marking Kit tags (The Bee Works, Orillia, ON, CA) (71), and divided among three separate 
128.7 L recirculating tank systems supplied with 64.4 L of fresh water every 7 days from a 0.04 
ha naturalized, earthen-bottom pond. Prior to commencement of experimental treatments, 
mussels remained in this recirculation system for at least 1 wk to recover from transport and 
handling stressors and to acclimate to laboratory conditions (26, 49). The recirculating system 
consisted of the three plastic holding containers, a UV Sterilizer (TMC Vecton 8 W, 11 l/min 
flowrate, Pentair, Apopka, FL, USA), a Teco 500 aquarium heater/chiller (TECO-US, Aquarium 
Specialty, Columbia, SC, USA), 5 cm of sand, and a low-pressure air blower (Sweetwater, 
SL24H, Pentair). Mussels were fed a commercial shellfish diet with multiple particle sizes: 
Nannochloropsis sp. 1-2 µm and a mixed diet of Isochrysis, Pavlova, Thalassiosira, and 
Tertraselmis spp. 5-12 µm (Instant Algae, Reed Mariculture Inc., Campbell, CA, USA) every 
other day (117). Mussels did not receive supplemental food 48 h prior to sampling for 
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hemolymph. Dissolved oxygen (DO) and temperature were recorded daily across all holding 
tanks with a portable meter (YSI 550A, Yellow Springs Instruments, Irvine, CA, USA) and 
averaged 8.02 ± 0.6 mg/l (mean ± standard error; SE) and 17.5 ± 0.2 °C, respectively. 
 
Short-term pCO2 exposure 
To quantify physiological disturbances due to short-term pCO2 exposure, mussels (N = 
48) were placed individually into eight 0.71 L plastic containers held within one of two raceways 
and all experiments were run over four consecutive days. Running the experiments on four days 
made it possible to run controls alongside elevated pCO2 treatments. Each raceway contained 
pond water (described above) that was pumped from a central basin into the eight containers, 
allowed to overflow from the containers into the raceway, and then drain back into the central 
basin, forming a closed, recirculating system (25, 112). Each individual container was supplied 
with an air stone to maintain DO levels. Mussels were introduced to individual containers 24 h 
prior to experimentation, after which water quality in the central basin was recorded. 
Temperature and DO were measured as stated above, and pH was measured using a handheld 
meter (WTW pH 3310 meter, Cole Palmer, Vernon Hills, IL, USA) calibrated regularly 
throughout the study. Free CO2 and total alkalinity (TA) levels were measured using digital 
titration kits (Hach Company, Loveland, CO, USA). Temperature and pH data were entered into 
CO2Calc to define pCO2 (94).  
Following the 24 h introduction period, elevations in pCO2 were achieved by the 
common technique of bubbling compressed CO2 gas (commercial grade, 99.9% purity) into the 
central basin through an air stone (19, 105), until one of two target dissolved pCO2 levels was 
reached: ~200,000 µatm (188 114 ± 12 669 µatm) or ~15,000 µatm (14 772 ± 1 685 µatm). 
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Previous work has shown that a level of approximately ~200,000 µatm is a conservative pCO2 
that caused active avoidance in several species of juvenile fishes, including bigheaded carps, 
making this a potential target for non-physical fish barriers (25). The second pCO2 level of 
~15,000 µatm was used because previous work by Dennis et al. (25) found that, for fish, 
extended holding at pressures above ~15,000 µatm began to induce negative physiological 
changes, thereby suggesting that this would be a conservative pCO2 value that would permit 
extended holding of mussels without resulting in mortality. In addition, the lack of knowledge of 
the speed of CO2 dissipation makes using different ranges of lower pCO2 values important and 
~15,000 µatm is a possible pCO2 value that would be expected downstream of a CO2 barrier for 
mussels not residing immediately within a CO2 addition zone. Because the addition of CO2 to 
freshwater results in the formation of carbonic acid, and thus a concomitant decrease in pH, 
values of pCO2 within the central basin were maintained with a pH controller (PINPOINT®, 
American Marine Inc., CT, USA) that automatically added CO2 to the basin should the pH rise 
above a target level during the 6 h exposure (86). Mussels were removed from their containers 
and sampled after either a 6 h exposure to one of the two pCO2 levels (N = 8), or after a 6 h 
exposure to elevated pCO2 followed by an additional 6 h recovery period in control conditions 
(~300 µatm; N = 8). A third group of control animals were handled in an identical manner as the 
CO2-treated mussels but did not receive supplemental CO2 additions and were held at control 
pCO2 of ~300 µatm (273 ± 30 µatm) for the duration of the experiment.  
Mussel sampling included measurements for length, width, depth, weight of the whole 
animal, and volume. Length, width, and depth were measured using a digital caliper (Traceable 
digital carbon fiber calipers, Fisher Scientific, Pittsburgh, PA, USA), and whole animal weight 
(tissue + shell) was collected to the nearest 0.01 g using a waterproof balance (HL-300WP, 
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A&D, Ann Arbor, MI, USA). Whole animal volume was collected by immersing the mussel in a 
graduated cylinder with a known volume of water and quantifying displacement, and shell cavity 
volume was generated by immersing just the shell in a graduated cylinder with a known water 
volume and subtracting from the volume of the whole animal. Hemolymph was extracted from 
the anterior adductor muscle with a 1 ml syringe and 26 G needle (3, 36, 67) and centrifuged at 
12,000 × gravity (g) for 2 min. Following centrifugation, the supernatant was removed, flash 
frozen in liquid nitrogen and stored at -80°C until processing.  
 
Long-term pCO2 exposure 
To define the impacts of prolonged exposure to elevated pCO2, mussels (N = 48) were first 
separated into one of two 128.7 L recirculating tank systems (identical to the ones described 
above). Throughout the long-term experiment, mussels were fed every other day, as stated 
above, which did not affect the pH of the recirculating tank systems. Mussels were then held at 
either control (~1,000 µatm; 994 ± 62 µatm) or elevated (~20,000 µatm; 22 712 ± 2 482 µatm) 
pCO2 for up to 32 d [note, the difference in pCO2 for the two control conditions, in the short- and 
long-term experiments was due to natural fluctuations in the pCO2 levels of the pond water; 
(42)]. The ~20,000 µatm pCO2 level was targeted because it was unknown if mussels would 
survive extended holding at higher levels, as previous work by Dennis et al. (25) found that, for 
fish, extended holding at pressures above ~15,000 µatm began to induce negative physiological 
disturbances related to pCO2 exposure. Target pCO2 levels were achieved by bubbling CO2 gas 
into the water to a pH that corresponded to the target pCO2 level, as described in the short-term 
experiment. Water quality was monitored similarly to the experiment described above. Mussels 
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(N = 8) were sampled as described above on day 4, 8, or 32 of exposure to ~20,000 µatm pCO2 
or control conditions. 
 
Laboratory Analyses 
Hemolymph Cl-, Mg2+ and Ca2+ concentrations were assayed in duplicate using 
commercially available kits (QuantiChrom assay kits Cl-, cat. no. DICL-250; Mg2+, cat. no. 
DIMG-250; Ca2+, cat. no. DICA-500; BioAssay Systems, Hayward, CA, USA). Hemolymph Na+ 
levels were measured by the diagnostic clinical pathology lab at the University of Illinois, 
Urbana-Champaign, using a Beckman chemistry analyzer (Beckman Coulter AU680, Beckman 
Coulter, Brea, CA, USA); quality control testing for this analyzer was performed at least every 
24 h. Hemolymph glucose concentrations were assayed in duplicate according to the method of 
Bergmeyer (9) using a 96-well microplate and a plate spectrophotometer (Molecular Devices, 
SpectraMax Plus 384, Sunnyvale, CA, USA), and all inter- and intra-assay coefficients of 
variation were less than 10%. 
 
Body Condition Index  
Body condition index, a traditional metric used to quantify bivalve condition (61, 121) 
was calculated as:  
𝐵𝐶𝐼 = 1000  ×  𝑠𝑜𝑓𝑡  𝑡𝑖𝑠𝑠𝑢𝑒  𝑑𝑟𝑦  𝑤𝑒𝑖𝑔ℎ𝑡𝑠ℎ𝑒𝑙𝑙  𝑐𝑎𝑣𝑖𝑡𝑦  𝑣𝑜𝑙𝑢𝑚𝑒  
Soft tissue dry weight (mg) was determined by removing mussel soft tissues and drying them at 
99˚C for 24 h prior to weighing (120). 
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Statistical Analyses 
The effect of pCO2 exposure on hemolymph ion and glucose levels, as well as dry 
weight, wet weight, length, and BCI was assessed using two-way analysis of variance 
(ANOVA), with pCO2 (elevated or control), sampling time, and their interaction (pCO2 × 
sampling time) entered into each model as fixed effects. If at least one of the main effects in the 
ANOVA model was significant, or if the interaction term was significant, a Tukey-Kramer 
honestly significant difference (HSD) post hoc test was applied to separate means (95). When the 
interaction term was significant, the resulting multiple comparisons were examined, regardless of 
whether the main effects on their own were significant. In the absence of a significant interaction 
term, group differences were examined for significant individual main effects (i.e., pCO2 or 
sampling time).  
For all statistical analyses, a visual analysis of fitted residuals using a normal probability 
plot (4) was used to assess normality, while a Hartley’s Fmax test (41), combined with visual 
inspection of the distribution of fitted residuals, was used to assess homogeneity of variances. If 
either normality or homogeneity of variance assumptions were violated (103), data were rank 
transformed and then re-analyzed within the same parametric model described above, and the 
assumptions of both normality and equal variances were confirmed (22, 51, 83). All data have 
been presented as means ± SE where appropriate, all tests were performed using JMP Pro 11 
(SAS Institute Inc., Cary, NC), and differences were considered significant if α was less than 
0.05. 
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Results 
Short-term pCO2 exposure 
Following a 6 h exposure, mussels held at both elevated pCO2 levels (~15,000 and 
~200,000 µatm) exhibited nearly a 1.5-fold increase in hemolymph Ca2+ when compared to 
mussels exposed to ~300 µatm, and these elevated levels returned to baseline levels following 
exposure to control conditions for 6 h (Table 1, Figure 1A). In contrast, the concentration of Cl- 
in mussel hemolymph was only affected by exposure to a pCO2 level of ~200,000 µatm, and 
decreased by approximately 33% from control levels (Table 1, Figure 1B). Due to the lack of a 
significant interaction (Table 1) we cannot separate the effect of pCO2 treatment and recovery on 
hemolymph Cl-; however, hemolymph Cl- levels did not appear to return to baseline levels 
following a 6 h recovery period at control conditions (Table 1, Figure 1B). Similarly, there was 
no significant interaction of pCO2 treatment and sampling time on hemolymph Na+, but there 
was a significant impact of pCO2 treatment (Table 1). Overall, hemolymph Na+ decreased 
relative to control levels following an exposure to ~200,000 µatm pCO2, but hemolymph Na+ 
increased relative to controls following exposure to a pCO2 level of ~15,000 µatm (Table 1, 
Figure 1C). No changes in hemolymph Mg2+ or glucose concentrations were observed when 
mussels were exposed to either pCO2 treatment during the short-term experiment (Tables 1, 2). 
Mussel size did not vary significantly across treatments, or pCO2 levels (Table 1). 
 
Long-term pCO2 exposure 
Mussels held at ~20,000 µatm for 4 d exhibited no change in hemolymph Mg2+ 
concentration relative to animals held at control pCO2 levels, but, after 8 d of treatment, mussels 
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exhibited a 40% decline in hemolymph Mg2+ relative to control mussels, and a subsequent 70% 
decline from control levels after 32 d of treatment (Table 3, Figure 2A). In contrast, hemolymph 
Ca2+ increased by approximately 1.5-fold after 4 d and 8 d of elevated pCO2 exposure relative to 
control animals, but Ca2+ concentrations returned to control levels by 32 d of treatment (Table 3, 
Figure 2B). At 8 d of CO2 treatment, hemolymph Na+ was elevated by approximately 13% in 
mussels exposed to pCO2 of ~20,000 µatm compared to mussels held at control conditions for 
the same length of time, and then these levels were no longer different from mussels held at 
control conditions at 32 d of treatment (Table 3, Figure 2C). However, Na+ decreased in control 
mussels over time (Figure 2C). Hemolymph Cl- and glucose moderately decreased over time in 
mussels held at both control and elevated pCO2 conditions, however, these levels did not differ 
significantly between treatment groups although there was a significant effect of time (Tables 3, 
4). Body condition index did not vary significantly across treatments (Table 3, 4), and mussel 
size did not vary across time or pCO2 treatment (Table 3). 
 
Discussion 
Acute exposure to elevated pCO2 caused a number of physiological disturbances in the 
freshwater unionid mussel, F. flava. As the level of environmental pCO2 increases, CO2 enters 
the animal via diffusion until a new steady-state gradient is reached and is sufficient to allow 
CO2 excretion (100). A rise in pCO2 of the hemolymph results in a concomitant increase in H+ 
ions and thus a reduction in pH (acidosis) of the internal body fluids (119). The buffering of 
fluids is primarily achieved by increasing HCO3- concentrations through the dissolution of 
calcium carbonate (CaCO3) exoskeletons in calcified animals (60), as well as mechanisms that 
actively transport acid-base relevant ions across cell and epithelial membranes to remove H+ and 
 19 
	  
accumulate HCO3- (reviewed by (34)). As a result of acidosis, marine calcified organisms have 
displayed a suite of physiological disturbances similar to those reported in the current study, 
including an increase in hemolymph Ca2+ and Na+, as well as a decrease in hemolymph Cl- (28, 
68). Although not directly measured, the results from the present study suggest that F. flava 
likely experienced a reduction in internal pH due to an influx of environmental CO2 via 
diffusion, similar to what has been observed with marine mussels (34, 46). Mussels appeared to 
elicit a range of processes to buffer acidosis resulting from elevated pCO2, including excreting 
H+ and increasing hemolymph HCO3- (11). The production of HCO3- from the dissolution of 
CaCO3 would result in equimolar production of Ca2+ (11, 45, 68), and is likely the source of the 
increased hemolymph Ca2+ observed in the present study. An additional strategy to buffer 
acidosis is the down regulation of Cl-/HCO3- exchangers to retain HCO3-, resulting in a 
concomitant decrease in Cl- uptake (16), which is likely the mechanism for the net decrease in 
Cl- observed in mussels exposed to pCO2 of ~200,000 µatm (16). Finally, an increase in the 
activity of Na+/H+ exchangers to excrete H+ is a common strategy used by aquatic animals 
experiencing acidosis, which can result in an increase in hemolymph Na+ (16, 59), and provides a 
likely mechanism for the observed increase in hemolymph Na+ in the ~15,000 µatm pCO2 
treatment. In response to ~200,000 µatm pCO2, there may be a shift from less to more ATP-
efficient ion transporters, resulting in a reduction of the electroneutral exchange of Na+ 
transporters, which involves an active ion pump resulting in a decrease in Na+ in the hemolymph 
(11, 17, 28, 59). In freshwater bivalves, there have been conflicting reports of Na+ and Cl- 
responses to acidosis experienced due to emersion. In some cases, no change in hemolymph Na+ 
and Cl- levels were detected, suggesting the importance of maintaining these ions within strict 
limits to maintain stability (15). However, in the present study, the observed responses more 
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similarly mirrored those of marine bivalves suggesting that emersion and exposure to water with 
elevated pCO2 result in different physiological responses. Interestingly, following a return to 
control pCO2 for 6 h after an exposure to both ~15,000 and ~200,000 µatm pCO2, hemolymph 
Ca2+ returned to control levels, suggesting that once the CO2 stimulus is removed, mussels may 
be able to recover from the stressor. In summary, results from the short-term experiment indicate 
that freshwater mussels exposed to elevated pCO2 experienced a suite of physiological 
disturbances intended to regulate acid-base balance, and there was some evidence for recovery of 
hemolymph Ca2+ levels once pCO2 was returned to control conditions.  
Mussels exposed to elevated pCO2 for an extended period of time demonstrated changes 
to hemolymph ion levels relative to control, but some disturbances had returned to control levels 
after 32 d of exposure. More specifically, long-term exposure to increased pCO2 at ~20,000 µatm 
caused a decrease in Mg2+ compared to control animals, along with higher Na+ and Ca2+ 
compared to controls, with Na+ and Ca2+ disturbances returning to control levels by day 32. 
Similar to the results from the present study, a decrease in hemolymph Mg2+ has previously been 
observed in response to other stressors in mussels, such as elevated temperature (32), and 
exposure to heavy metals (44), and may represent an indicator of stress. Interestingly, there is a 
limited amount of information on the role of Mg2+ in freshwater mussels despite its use as a 
bioindicator (26), but Mg2+ is thought to play a role in stabilizing cell membranes (102). 
Increases in hemolymph Ca2+ and elevated Na+ compared to control mussels in response to 
elevated pCO2 were similar to the responses in the short-term study, and likely were caused by 
the similar mechanisms related to acid-base regulation to increase HCO3- and excrete H+, 
respectively. However, it is important to note that both hemolymph Na+ and Cl- decreased in 
mussels held at control conditions over the holding period making it difficult to parse out the 
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effects of acid-base regulation and holding. Thus, the Na+ concentration of mussel hemolymph 
did not increase throughout the treatment period in response to elevated pCO2, rather mussels 
held in control conditions had decreased Na+ throughout time and compared to mussels held at 
~20,000 µatm on day 8. Even with the impact of holding on control mussels, at 8 d of exposure, 
mussels held at ~20,000 µatm pCO2 exhibited hemolymph Na+ levels that were significantly 
higher than mussels held at control conditions for the same length of time, suggesting that the 
effect of pCO2 exposure may have superseded the impact of holding at this time point. When 
exposed to pCO2 levels of ~20,000 µatm over an extended period, hemolymph Ca2+ levels 
returned to control levels by 32 d, suggesting that mussels may have been able to correct acid-
base disturbances during extended exposures. Together the results of the long-term study suggest 
that although mussels showed signs of stress, as demonstrated by the drop in Mg2+, they were 
still attempting to achieve acid-base balance using similar mechanisms as during short-term 
exposure to elevated pCO2.  
Interestingly, two important parameters measured in the current study did not change 
following the different pCO2 treatments. More specifically, despite the magnitude of pCO2 
exposure and period of exposure, glucose concentrations in hemolymph, remained unchanged 
from control levels for both the short- and long-term experiments. Additionally BCI was 
unaffected by long-term exposure to elevated pCO2. In both freshwater and marine ecosystems, 
mussels have been used as an indicator of pollution, heavy metal contamination, and overall 
ecosystem health and recovery (43, 104, 111, 115). Mussels are filter feeders, and presumably 
one of the first species to show negative effects of a changing or unhealthy ecosystem (111, 115), 
and BCI, as well as other parameters that assess growth and shell condition, are used as 
indicators of overall health of the ecosystem (23, 76, 97). The BCI is a measure of soft tissue 
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weight compared to the inner shell volume, and a low BCI score has been linked to physiological 
stress, and thus used as a proxy for ecosystem health (7, 23, 121). Similarly, glucose is the 
primary energy store in bivalves and fuels aerobic processes (24). Importantly, glucose used as 
part of the stress response comes at a cost to non-vital functions such as, growth, reproduction, 
and movement, and changes in hemolymph glucose are used as a traditional stress indicator for 
aquatic invertebrates (32, 75). While a lack of a change in body condition in the current study 
could be due to the relatively short duration of the study compared to other more long-term 
studies [i.e., a noticeable change in BCI may take longer than 32 d to manifest (111)], the lack of 
a change in the glucose response relative to control animals would suggest that mussels are not 
showing activation of the stress response in a traditional way following pCO2 exposure. Taken 
together, a lack of change in hemolymph glucose and BCI may indicate that within the 
timeframe and pCO2 exposure of this study, overall mussel stress and body condition may not 
have been impacted. 
In the present study, although differences between the control conditions and the 
intermediate pCO2 were present, some over-arching similarities between experiments emerged. 
The different control pCO2 values of the short-term (~300 µatm) and long-term (~1,000 µatm) 
experiments were artifacts of using ponds as the water source that have natural fluctuations in 
pCO2 (63). As freshwater systems can be quite variable in their pCO2, these control levels are 
still within the range of what a mussel may naturally experience due to daily or seasonal 
variation (63). The differences in the targeted ‘intermediate’ pCO2 (~15,000 and ~20,000 µatm) 
between experiments also make comparisons between the short- and long-term studies difficult; 
however, in the context of a CO2 barrier, they both provide an example of what mussels may 
experience downstream of a barrier injection site. Even with these differences in pCO2 between 
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experiments, similar physiological responses (e.g., hemolymph Ca2+) were observed. Although 
these differences in control and treatment pCO2 made comparisons between studies difficult, the 
present study provides useful information about the effects of different durations and levels of 
CO2 exposure on a freshwater mussel that may reflect their exposure to a CO2 barrier. 
Results from this study represent some of the first data on the physiological impacts of 
elevated pCO2 on freshwater mussels. Other studies have shown that pCO2 in freshwater 
environments demonstrates daily and seasonal variation (63), and also changes across 
landscapes, with low order streams experiencing a wide variation in pCO2 values dependent on 
forest cover, precipitation and surface area (in particular freshwater environments, mean pCO2 
can be nearly 20 times atmospheric levels) (14, 57). Similarly, global average pCO2 for lakes is 
~1000 µatm (20), with variation in pCO2 driven by various factors including: surface area, biotic 
processes, terrestrial primary productivity, and atmospheric pCO2 (42). In addition, while future 
levels of pCO2 in freshwater are difficult to predict, some freshwater systems are predicted to 
have heightened pCO2 due to climate change (42, 78). Should freshwater mussels be exposed to 
elevated pCO2, either due to natural processes or through the deployment of a CO2 barrier, they 
would be expected to respond to acidosis by adjusting hemolymph ion levels to excrete H+ and 
retain HCO3- in the short-term. Should CO2 stressors be extended or removed, mussels would 
likely recover from or correct disturbances induced by elevated pCO2 with little evidence for 
negative impacts to overall stress and health (e.g., BCI and glucose). Future research should 
focus on studying other age classes of freshwater mussels, other species, as well as the 
measurement of other parameters such as growth and reproductive success, to provide a more 
complete picture of the overall impacts of elevated pCO2 on non-target freshwater mussels. The 
present study provides evidence that a CO2 barrier used to prevent the movement and spread of 
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invasive fish species may have limited physiological impacts on non-target freshwater mussel 
species. 
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CHAPTER 3: THE RESPONSE OF TWO SPECIES OF UNIONID MUSSELS TO 
EXTENDED EXPOSURE TO ELEVATED CARBON DIOXIDE 
 
Abstract 
Changes in environmental conditions can act as stressors, with potential consequences for 
the health and fitness of organisms. Rising levels of carbon dioxide (CO2) is one potential 
environmental stressor that is occurring more frequently in the environment and can be stressor 
for aquatic organisms. In this study, the physiological responses of two species of unionid 
mussel, Lampsilis siliquoidea and Amblema plicata, were assessed in response to exposure to 
two levels of elevated partial pressure of CO2 (pCO2) (~20,000 and ~55,000 µatm) over a 28 d 
period, followed by a subsequent 14 d recovery period. Observations were consistent with 
responses associated with respiratory acidosis, as demonstrated by changes in hemolymph HCO3-
, Ca2+, Cl-, and Na2+. Both species exposed to elevated pCO2 had elevated hemolymph HCO3- 
during the pCO2 treatment period compared to control mussels, but recovered once pCO2 was 
removed. Similarly, both species had elevated hemolymph Na+ during exposure to elevated 
pCO2, and this returned to control levels for A. plicata but remained elevated for L. siliquoidea 
once the pCO2 stimuli was removed. Changes in hemolymph Ca2+ and Cl- in response to elevated 
pCO2 were also observed, but these changes were species-specific. Additional physiological 
responses to elevated pCO2 (e.g., changes in hemolymph glucose and Mg2+) were consistent with 
a stress response in both species. This study demonstrates the importance of considering inter-
specific differences in the response of organisms to stress, and also that responses to elevated 
pCO2 may be transient and can recover once the stress is removed.  
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Introduction 
Changes to the environment can induce physiological responses in organisms, which can 
have ultimate effects on overall health and fitness (122). While understanding environmental 
change, and its consequences for overall fitness and survival, is critical for predicting future 
population changes, it is also important to also define the sub-lethal impacts of stressors on 
animals, as sub-lethal physiological changes can provide valuable insight into how organismal 
physiology predicts population-level effects (64). With a finite level of resources available to an 
organism, increasing maintenance costs to respond to an environmental stressor reduces the 
potential allocation of these resources to growth and reproduction (65), thereby providing a link 
to the potential consequences for a population following perturbations (91). Defining 
physiological endpoints that relate to population-level consequences has become a critical 
management and conservation tool with increasing human population causing major alterations 
to the biotic and abiotic environment at an accelerated rate (12). 
One environmental change that has the potential to impact populations, and is occurring 
more frequently in both the terrestrial and aquatic environments, is an increase in carbon dioxide 
(CO2) (66). Carbon dioxide can increase due to a number of potential sources, both natural (i.e., 
daily and seasonal fluctuations in CO2) (63) and anthropogenic (e.g., climate change, and more 
recently fish barriers) (42, 72). In the aquatic environment, these natural and anthropogenic 
increases in CO2 raise the partial pressure of CO2 (pCO2) in the water, which can cause a number 
of negative consequences for aquatic organisms (46).  
Due to links between climate change and elevated pCO2 in the ocean (58), the response 
of marine invertebrates to elevated pCO2 has been well defined (81). Elevated pCO2 causes 
acidosis in the tissues and body fluids of aquatic organisms (82), and marine invertebrates 
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display a suite of physiological disturbances in response to acidosis, including a changes in 
metabolic rate, reduced protein synthesis, altered ion exchange rates, reduced calcification, and 
reduced growth (11, 28, 68). However, there are mechanisms to counteract the acidosis 
experienced by aquatic invertebrates, such as the accumulation of bicarbonate (HCO3-), excretion 
of hydrogen ions, and other regulatory processes (82). Even though regulating acid-base 
parameters may not be detrimental in the short-term, chronically altering these mechanisms is 
expected to affect long-term growth and reproduction, which may translate to negative 
consequences at the population- and species-levels (82). Although these negative consequences 
have been repeatedly observed in marine mussels, a paucity of research has been done on the 
effects of elevated pCO2 on freshwater mussels. Studies evaluating the consequences of 
emersion (air exposure) in freshwater mussels have observed physiological consequences similar 
to those experienced by marine mussels exposed to elevated pCO2 (15, 45); however, the 
responses of freshwater mussels to elevated pCO2 in water may differ to those of emersion, as 
mussels have the capacity to open their valves and exchange ions with the water more freely. 
Understanding the impacts of elevated pCO2 on freshwater mussels becomes critical with the 
ever-increasing CO2 in aquatic systems (either naturally or due to anthropogenic alterations) 
coupled with the lack of research on its consequences for already threatened freshwater mussels.  
Freshwater mussels have their highest abundance in North American and are one of the 
most threatened taxa worldwide (125). There are four main tribes of mussels in North America, 
Quadrulini, Lampsilini, Pleurobemini, and Amblemini (18). These four tribes are taxonomically 
classified based on a number of parameters including genetic relatedness, longevity and relative 
shell mass (18, 38). Mussels are generally thought of as sedentary animals, however, they have a 
variety of differences in morphologies (e.g., shell thickness, size, reproductive strategies, etc.) 
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and behaviors (e.g., feeding, righting, movement, burrowing, gaping), especially in response to 
disturbances (116). This high degree of variability in mussel characteristics supports the use of 
multiple species, distributed across tribes, when defining responses to stressors. Additionally, 
with increasing threats to their survival, and more than half of freshwater mussel species listed as 
threatened or endangered (71%), it is critical that precautions be taken to define how 
environmental changes will affect growth and survival (125). The potential exposure of 
freshwater mussels to elevated pCO2 may occur due to a number of natural and anthropogenic 
scenarios, and thus, it is important to understand the potential impacts of CO2 exposure on this 
threatened taxon. 
Based on this background, the goals of this study were to 1) quantify the physiological 
impacts of chronic exposure to elevated pCO2 on two species of freshwater mussels from two 
different tribes, and 2) define whether or not physiological disturbances associated with chronic 
exposure to elevated pCO2 would recover once the exposure ended. 
 
Methods 
Mussel collection and husbandry 
Adult fatmucket (Lampsilis siliquoidea) mussels were delivered overnight from Missouri 
State University, Springfield, MO, in June, 2015 to the Aquatic Research Facility at the 
University of Illinois, Urbana-Champaign, IL, USA. Adult threeridge mussels (Amblema plicata) 
were collected by benthic grab from the Mississippi River, near Cordova, IL, in July, 2015. 
Following collection, mussels were transported to the Aquatic Research Facility at the University 
of Illinois, Champaign-Urbana, IL in coolers (travel time < 3 h). Upon arrival at the Aquatic 
Research Facility, both species of mussels were cleaned of epibionts, tagged for individual 
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identification with Queen Marking Kit tags (The Bee Works, Orillia, ON, CA) (71) or marked 
with a permanent marker. They were then placed in one of three holding tubs (1,135.6 L) 
supplied with water from a 0.04 ha natural, earthen-bottom pond with ample vegetation, where 
they remained for at least one wk to recover from transport and hauling stressors and acclimate 
to lab conditions (26, 27, 49). All tubs were equipped with a Teco 500 aquarium heater/chiller 
(TECO-US, Aquarium Specialty, Columbia, SC, USA) to prevent temperature fluctuations, and a 
low-pressure air blower (Sweetwater, SL24H Pentair, Apopka, FL, USA) for aeration. Fifty 
percent water changes using pond water were performed weekly to maintain water quality. 
Mussels were fed a commercial shellfish diet with multiple particle sizes consisting of 
Nannochloropsis sp. 1-2 µm and a mixed diet of Isochrysis, Pavlova, Thalassiosira, and 
Tertraselmis spp. 5-12 µm (Instant Algae, Reed Mariculture Inc., Campbell, CA, USA) every 
other day (117); mussels did not receive supplemental food 24 h prior to sampling. Dissolved 
oxygen (DO) and temperature were recorded daily in all three tubs with a portable meter (YSI 
550A, Yellow Springs Instruments, Irvine, CA, USA) and averaged 8.2 ± 0.02 mg/L (mean ± 
standard error, SE) and 21.6 ± 0.1 °C (respectively). Water pH and total alkalinity (TA) were 
also measured daily using a handheld meter (WTW pH 3310 meter, Germany) calibrated 
regularly (70) and a digital titration kit (Titrator model 16,900, cat. No. 2271900, Hach 
Company, Loveland, CO, USA), respectively. 
 
Chronic CO2 exposure  
To quantify physiological disturbances due to chronic CO2 exposure, mussels (A. plicata, 
N = 120; L. siliquoidea, N = 132) were removed from the holding tubs described above and 
separated randomly into one of three 128.7 L recirculating tank systems. All systems were 
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equipped with a Teco 500 aquarium heater/chiller (TECO-US, Aquarium Specialty), and a low 
pressure air blower (Sweetwater, SL24H Pentair). Each recirculating tank system was held at 
either ambient (< 100 µatm, the lowest detectable limit of the CO2 probe, see below), ~20,000 
µatm (17,181.90 ± 0.05 µatm), or ~55,000 µatm (52,644.70 ± 0.10 µatm) pCO2 for 28 d. A target 
of ~55,000 µatm was included because is the proposed target for a possible CO2 barrier to 
invasive fish movement (30). The ~20,000 µatm level was targeted because previous work by 
Dennis et al. (25) found that, for fish, extended holding at pCO2 above 15,000 µatm began to 
induce negative physiological disturbances, and Heuer and Grosell (46) indicated that the use of 
multiple CO2 levels within a single study can help define mechanisms of CO2 impacts. Values of 
pCO2 were maintained with a pH controller (PINPOINT®, American Marine Inc., CT, USA) 
that automatically bubbled CO2 into the tank system through an air stone should the pH rise 
above a target level during exposure (86, 92). Temperature, pH and TA data collected from the 
tank systems were entered into CO2calc to calculate pCO2 (94). A modified infrared probe 
(Vaisala GMP220 and GMT221, St. Louis, MO, USA) was also used to verify pCO2 (55), along 
with the daily use of a CO2 titration kit to determine the concentration of CO2 (Hach Company, 
cat. No. 2272700). 
Mussels were sampled on day 1, 4, 7, or 28 of exposure to ~55,000 µatm (N = 6 for A. 
plicata and N = 7 for L. siliquoidia), ~20,000 µatm (N = 6 for A. plicata and N = 7 for L. 
siliquoidia) or control/ambient conditions (<100 µatm; N = 8 for both species). An additional set 
of mussels (N = 50 for L. siliquoidiea and N = 41 for A. plicata) was returned to control pCO2 
levels (< 100 µatm, the lowest detectable limit of the probe) following the 28 d exposure period. 
Mussels that were previously held at ~55,000 µatm (N = 6, 7 for A. plicata and L. siliquoidea, 
respectively), ~20,000 µatm (N = 6, 7 for A. plicata and L. siliquoidea, respectively), or control 
 31 
	  
pCO2 conditions (N = 8 for both species) were sampled following an additional 7 or 14 d at 
ambient conditions to quantify recovery from CO2 exposure.  
Mussel sampling included measurements for length, width, and depth of the whole 
animal using a digital caliper (traceable digital carbon fiber calipers, Fisher Scientific, 
Pittsburgh, PA, USA), and a waterproof balance (HL-300WP, A&D, Ann Arbor, MI, USA) for 
weight of the whole animal (tissue + shell) to the nearest 0.01 g. Volume of the whole animal 
was collected by immersing the mussel in a graduated cylinder with a known volume of water 
and quantifying the water displacement. Shell cavity volume was generated by immersing just 
the shell in a graduated cylinder with a known volume of water and subtracting from the volume 
of the whole animal. If possible, sex was determined for L. siliquoidia using both their external 
sexual dimorphism and by examination of the gills for glochidia (107). Hemolymph was 
extracted from the anterior adductor muscle with a 1 ml syringe and 26 G needle (36), and 
centrifuged at 12,000 × gravity (g) for 2 min. Following centrifugation, the supernatant was 
removed, flash frozen in liquid nitrogen, and stored at -80°C until processing.  
 
Laboratory Analyses 
Hemolymph Cl-, Mg2+ and Ca2+ concentrations were assayed in duplicate using 
commercially available kits (QuantiChrom assay kits Cl-, cat. No. DICL-250; Mg2+, cat. No. 
DIMG-250; Ca2+, cat. No. DICA-500; BioAssay Systems, Hayward, CA, USA). Hemolymph 
Na+ and HCO3- levels were measured by the Diagnostic Clinical Pathology Lab at the University 
of Illinois Urbana-Champaign, IL, USA using a Beckman chemistry analyzer (Beckman Coulter 
AU680, Beckman Coulter, Brea, CA, USA). Quality control testing for this analyzer was 
performed at least every 24 h, and the lab participates in a quality assurance program that 
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performs surveys periodically throughout the year to ensure accuracy and precision of samples. 
Hemolymph glucose concentrations were assayed in duplicate according to the method of 
Bergmeyer (9) using a 96-well microplate and a plate spectrophotometer (Molecular Devices, 
SpectraMax Plus 384, Sunnyvale, CA, USA). Samples were re-run if the intra-assay coefficients 
of variability were greater than 10%. Additionally, inter-assay coefficients of variability were 
less than 10%.  
 
Statistical Analyses 
 The effect of CO2 exposure on hemolymph ion levels and glucose concentrations was 
assessed using a two-way analysis of variance (ANOVA), with pCO2 (~55,000 µatm, ~20,000 
µatm, and <100 µatm [control]), sampling day, and their interaction (pCO2 × day) entered into 
each model as fixed effects. Volume, dry weight, and sex were initially included in the models as 
co-factors to quantify their potential influence on response variables, but were removed if they 
had no significant effect on the model (31, 129). If at least one of the main effects in the 
ANOVA model was significant, or if the interaction term was significant, a Tukey-Kramer 
honestly significant difference (HSD) post hoc test was applied to separate means (95). 
For all statistical analyses, analysis of fitted residuals using a Shapiro Wilk test (4) was 
used to assess normality, while a Hartley’s Fmax test (41), combined with visual inspection of the 
distribution of fitted residuals, was used to assess homogeneity of variances. If either normality 
or homogeneity of variance assumptions were violated (103), data were rank transformed and 
then re-analyzed within the same parametric model described above, and the assumptions of both 
normality and equal variances were confirmed (22, 51, 83). All data are presented as means ± SE 
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where appropriate, all tests were performed using R (3.2.2 for Macintosh HD), and differences 
were considered significant if α was less than 0.05. 
 
Results 
Following 1 d of exposure to elevated pCO2, L. siliquoidea held at the highest level (~55,000 
µatm) exhibited a 34 % increase in hemolymph HCO3- compared to mussels held at control 
conditions, and HCO3- in mussels exposed to the highest pCO2 remained significantly elevated 
for the entire length of the exposure period (i.e., 28 d; Table 5, Figure 3A). Concentrations of 
HCO3- in the hemolymph of A. plicata held at both ~20,000 and ~55,000 µatm pCO2 increased 
relative to controls throughout the treatment period, but this increase was statistically significant 
only at 4 d (57 % increase for mussels held at ~55,000 µatm) and 28 d (45 % increase for 
mussels held at ~20,000 µatm) of exposure (Table 6, Figure 3B). For both L. siliquoidea and A. 
plicata, the elevated hemolymph HCO3- returned to control levels following 7 and 14 d at control 
conditions (<100 µatm pCO2; i.e., recovery period) for (Table 5, 6, Figure 3). 
Exposure of L. siliquoidea to elevated pCO2 did not result in significant changes to 
hemolymph Ca2+ relative to mussels held at ambient pCO2, even after 28 d (Table 5; Figure 4A). 
However, following a return to control pCO2 for 7 and/or 14 d, L. siliquoidea previously held at 
either ~20,000 µatm or ~55,000 µatm showed a 28 % decrease in hemolymph Ca2+ relative to 
control mussels (Table 5, Figure 4A). This reduction in hemolymph Ca2+ did not return to 
control levels even following 14 d at control conditions (Table 5, Figure 4A). Additionally, 
hemolymph Ca2+ was elevated in control mussels at day 28 relative to day 1 of holding (p < 
0.001). The concentration of Ca2+ in the hemolymph of A. plicata was elevated by at least 28 % 
throughout the treatment period at both ~20,000 and ~55,000 µatm compared to control 
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conditions, with the exception of day 4 (Table 6, Figure 4B). Following a subsequent reduction 
in pCO2 to control levels for 7 and 14 d, hemolymph Ca2+ levels for A. plicata from both 
elevated pCO2 treatments returned to control levels (Table 6, Figure 4B).  
The concentration of Cl- in L. siliquoidea hemolymph initially fell by 37 % in animals 
held at ~55,000 µatm pCO2 relative to control mussels at day 1 of exposure, but this disturbance 
returned to control levels by 4 d of exposure. However, by 28 d of exposure, hemolymph Cl- 
increased by 28 % relative to control animals for both the mussels held at ~20,000 and ~55,000 
µatm pCO2, and this elevation in Cl- persisted even after 14 d of recovery at ambient pCO2 
(Table 5, Figure 5A). The concentration of Cl- in the hemolymph of A. plicata exposed to 
elevated pCO2 was only different from control mussels at day 28 of exposure to the highest level 
of pCO2 (28 % elevated at ~55,000 µatm; Table 6, Figure 5B).  
We observed an initial decrease of Na+ in the hemolymph of L. siliquoidea after only 1 d 
exposure to ~55,000 µatm pCO2 relative to control mussels. After 4 d of exposure to elevated 
pCO2, however, L. siliquoidea from both the ~20,000 µatm and ~55,000 µatm treatments 
displayed an elevation of hemolymph Na+ of approximately 13 % relative to control mussels. 
Hemolymph Na+ levels remained elevated in L. siliquoidea throughout the remainder of the 
experimental period, including the 14 d recovery period at control pCO2 levels (Table 5, Figure 
6A). As with Ca2+, the concentration of Na+ in the hemolymph of the control L. siliquoidea was 
different at 28 d of holding compared to day 1, with Na+ showing a decrease in control mussels 
on day 28 (p < 0.001). Amblema plicata held at both levels of elevated pCO2 (~20,000 and 
~55,000 µatm) had at least an 11 % higher hemolymph Na+ concentration compared to control 
mussels during the exposure period. Hemolymph Na+ decreased to control levels once A. plicata 
were moved to control conditions (<100 µatm pCO2) for 7 and 14 d, with the exception that 
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hemolymph Na+ levels first returned to control levels at 28 d of exposure to ~55,000 µatm pCO2 
(Table 6, Figure 6B). 
The concentration of glucose in the hemolymph of L. siliquoidea increased two-fold 
relative to control mussels following 4 and 7 d of exposure to ~55,000 µatm pCO2 (Table 5, 
Figure 7A). The elevation in glucose returned to control levels by 28 d of exposure, and 
remained at control levels during the 14 d recovery period at <100 µatm pCO2 (Table 5, Figure 
7A). Amblema plicata held at the highest level of pCO2 (~55,000 µatm) experienced a treatment 
wide elevation in hemolymph glucose relative to mussels held at control conditions throughout 
the experiment (i.e., only a significant effect of pCO2 treatment; Table 6, Figure 7B). 
Concentrations of Mg2+ in the hemolymph of L. siliquoidea were reduced by exposure to both 
levels of pCO2 (~20,000 and ~55,000 µatm) compared to control mussels at 28 d of exposure 
(Table 5, Figure 8A). However, once the CO2 stressor was removed, hemolymph Mg2+ was no 
longer different from control mussels in those L. siliquoidea previously exposed to elevated 
pCO2 (Table 5, Figure 8A). Concentrations of Mg2+ in the hemolymph of A. plicata were 38 % 
higher relative to control mussels only on day 1 of holding at the highest level of pCO2 (~55,000 
µatm) (Table 6, Figure 8B). 
 
Discussion 
Following exposure to elevations in pCO2, both L. siliquoidea and A. plicata showed 
numerous indicators of physiological disturbances related to acid-base disturbances. As 
environmental pCO2 increases, CO2 enters an organism’s fluids by diffusion until a new steady-
state gradient is achieved (100). This increase in pCO2 levels (hypercapnia) results in a 
simultaneous rise in H+, which causes a reduction in pH (i.e., acidosis) of internal body fluids 
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(119). In response to this reduction in pH, buffering of fluids is achieved primarily by increasing 
HCO3- levels (60). The results of the present study support this mechanism, and show that 
exposure to the highest level of pCO2 (~55,000 µatm) caused an elevation in hemolymph HCO3- 
relative to control mussels in both species. One mechanism by which mussels may be increasing 
hemolymph HCO3- when exposed to elevated pCO2 is by utilizing CaCO3 released from the shell 
in their hemolymph to buffer acidosis. The release of CaCO3 from the shell when exposed to 
elevated pCO2 and reduced pH results in the production of HCO3- and Ca2+ in equimolar 
amounts (11, 68). This release of CaCO3 results in an increase in Ca2+ in the hemolymph, and 
was observed in combination with an increase in hemolymph HCO3- in A. plicata in this study. 
Another strategy to increase HCO3- levels in the hemolymph is through regulation of the Cl-
/HCO3- exchanger. Mussels actively uptake Cl- ions by exchanging a Cl- for a HCO3- ion (16), 
and mussels may down-regulate activity of this exchanger in an effort to retain HCO3- at the cost 
of Cl- uptake. This down-regulation of the Cl-/HCO3- exchanger would result in a decrease in 
hemolymph Cl-, which was observed initially in L. siliquoidea in the present study. An additional 
mechanism to reduce acidosis of internal fluids is the active transport of H+ across cell and 
epithelial membranes (i.e., removal) (34). An increase in the activity of the Na+/H+ exchanger to 
excrete H+ is a common strategy used by aquatic animals experiencing acidosis, which can result 
in an increase in hemolymph Na+ (16, 59). An increase in hemolymph Na+ was observed for both 
species held at both elevations in pCO2 during the exposure period. Together, the results of this 
study show that in both species of mussel exposed to elevated pCO2, changes hemolymph ion 
levels are likely occurring in an effort to reduce acidosis of their hemolymph. 
In addition to showing indications of regulating acid-base status in response to pCO2 
exposure, both species of mussels also displayed signs of physiological stress when exposed to 
 37 
	  
the highest pCO2. In bivalves, glucose fuels aerobic processes and is their primary energy store 
(24). Additionally, the mobilization of glucose, a step in the stress response, comes as a cost to 
non-vital functions such as, growth, reproduction, and movement, and changes in hemolymph 
glucose is used as a traditional indicator of stress for aquatic invertebrates (32, 75). Thus, an 
elevation of glucose in both species of mussels provides evidence of stress in mussels exposed to 
the highest pCO2 (~55,000 µatm). Another possible measure of stress in freshwater mussels is 
the concentration of Mg2+ in hemolymph. A decrease in hemolymph Mg2+ has been reported in 
response to a range of stressors in mussels, including elevated temperature (32) and exposure to 
heavy metals (44). At present, there is a lack of information on the role of Mg2+ in freshwater 
mussels despite its use as a bioindicator (26). In the current study, a decrease in hemolymph 
Mg2+ was observed in L. siliquoidea exposed to both elevated levels of CO2 by the end of the 
exposure period. Interestingly, this indication of stress at 28 d via a decrease in hemolymph Mg2+ 
was in contrary to the hemolymph glucose levels that return to control levels at 28 d in L. 
siliquoidea. Taken together, the elevation of glucose in both species, as well as decrease in Mg2+ 
in L. siliquoidea, suggests that both mussel species were experiencing physiological stress when 
exposed to elevated pCO2. 
Although there is evidence of changes in ion concentrations of the hemolymph and stress 
in both mussel species, there is also evidence of recovery back to control conditions once the 
elevated CO2 stimuli (i.e., the stressor) was removed. For example, both species of mussel 
showed signs of recovery of hemolymph HCO3- to control levels when the CO2 treatment was 
removed. Amblema plicata exhibited an increase in hemolymph Ca2+ during the exposure period 
at both levels of elevated pCO2, which subsequently decreased to control levels once the stressor 
was removed. L. siliquoidea showed no effect of CO2 treatment on hemolymph Ca2+ levels 
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during the exposure period, but following a return to control conditions of mussels previously 
held at elevated pCO2, hemolymph Ca2+ fell below those of mussels held for the same duration at 
control conditions. It should be noted that, beginning at 28 d of holding, hemolymph Ca2+ rose in 
control L. siliquoidea, possibly due to holding or confinement. Although it can be difficult to 
tease apart the effects of holding and pCO2 treatment, by comparing mussels within the same 
time point, the effect of CO2 was still evident in L. siliquoidea during the recovery period. 
Hemolymph Na+ levels returned to control levels in A. plicata after the stressor was removed, 
but remained elevated during the recovery period for the L. siliquoidea. Again, holding may have 
influenced hemolymph Na+ levels in L. siliquoidea beginning at 28 d of holding; however, by 
comparing mussels within the same time point, the effect of CO2 was still evident in L. 
siliquoidea during entire experimental period. The persistent effect of elevated pCO2 suggests 
that 14 d was not a long enough recovery period for L. siliquoidea in terms of hemolymph Na+. 
The concentration of Cl- in the hemolymph of A. plicata also returned to control levels following 
the removal of the elevated CO2 stimuli. Conversely, for L. siliquoidea that showed an initial 
decrease in hemolymph Cl- at 1 d of exposure to elevated pCO2, hemolymph Cl- levels rose 
above control levels at 28 d of exposure and these high levels persisted following a return to 
control conditions for 14 d. The initial decrease and subsequent increase in hemolymph Cl- 
suggests that L. siliquoidea may initially down-regulate the exchange of HCO3- and Cl- through 
the Cl-/HCO3- exchanger, a process that is resumed following long-term exposure to elevated 
pCO2, and may help to explain the concurrent decrease in hemolymph HCO3- during the 
recovery period. There was ample evidence of recovery for A. plicata as most measured factors 
returned to control levels once the CO2 stressor was removed. However, this was not the case for 
L. siliquoidea, as they showed changes in hemolymph Ca2+ and Cl- that occurred almost 
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exclusively during the recovery period, and hemolymph Na+ remained elevated after the stressor 
was removed. The concentration of glucose in L. siliquoidea was able to recover back to control 
conditions during recovery; however, A. plicata showed a treatment effect and was elevated 
throughout the experiment. The concentration of Mg2+ for both species of mussel was able to 
recover back to control conditions once the stress was removed. Taken together, these results of 
the present study suggest that there is potential for freshwater mussels to recover from exposure 
to elevated pCO2, however, there are species-specific differences in the extent of and the time 
required for recovery from exposure to elevated pCO2.  
The above-described species-specific differences in the responses of freshwater mussels 
to elevated pCO2 may have resulted from variations in their physiology and behavior. L. 
siliquoidea belong to the tribe Lampsilini (18), which has a wide range of relative shell masses, 
but generally tend to be thin shelled relative to other tribes (37, 38). In contrast, A. plicata belong 
to the tribe Ambleminae (18) that are generally longer-lived and tend to have thicker shells 
relative to other tribes (38). Shell thickness may mediate responses to elevated pCO2, and thinner 
shelled mussels (e.g., L. siliquoidea) may rely less on shell CaCO3 stores to buffer acidosis than 
thicker shelled unionids (e.g., A. plicata) during long-term exposure to elevated pCO2. Indeed, 
hemolymph Ca2+ and HCO3- were elevated in the thicker shelled A. plicata during CO2 exposure; 
whereas hemolymph Cl- was relatively unaffected suggesting that these mussels may rely 
primarily on shell CaCO3 stores to regulated acid-base status rather than down-regulation of the 
Cl-/HCO3- exchanger. Conversely, the thinner shelled L. siliquoidea may need to rely on 
additional mechanisms to increase hemolymph HCO3-, such as regulation of the Cl-/HCO3- 
exchanger as evidenced by changes in hemolymph HCO3- and Cl-. Although not measured in the 
present study, shell composition and strength of marine mussels can be affected by elevated 
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pCO2 (58), and presumably will affect thinner shelled unionids more than thicker shelled species. 
Additionally, Lampsilini mussels have a unique reproductive strategy (i.e., using a lure to attract 
fish hosts), and as a result, spend more time with their valves open than other unionid mussels 
(127), which may increase their sensitivity to changes in the external environment (e.g., 
elevations in pCO2). The tendency for Lampsilini mussels to remain open for longer periods of 
time may have contributed to the lack of an observed change in the concentration of hemolymph 
Ca2+ in L. siliquoidea during the exposure period (i.e., Ca2+ from shell CaCO3 stores may have 
been more easily lost to the environment if the mussels were open). In addition, A. plicata are 
considered to be less active and more robust to environmental stressors, whereas L. siliquoidea 
are more mobile and more sensitive to environmental perturbations and holding (116). The 
present study also supports the idea that L. siliquoidea may be more sensitive to environmental 
stressors compared to A. plicata, as demonstrated by the both a robust glucose response and 
decreased hemolymph Mg2+ during exposure to elevated pCO2. During the recovery period, A. 
plicata were able to recover within a 14 d period, whereas L. siliquoidea were not. Furthermore, 
L. siliquoidea showed changes from control conditions almost exclusively in the recovery period, 
suggesting their response to elevated pCO2 may be delayed. This delayed response in L. 
siliquoidea, highlights the importance of also considering post-stressor periods to provide a more 
complete and comprehensive picture of responses to chronic elevations in pCO2. Taken together, 
the results from the present study suggest that L. siliquoidea and A. plicata respond to elevated 
pCO2 in a species-specific manner, and may rely on different mechanisms to deal with the acid-
base disturbances associated with elevations in pCO2. In addition, although a two week period 
appears to be long enough for A. plicata to recover from exposure to elevated pCO2, this period 
was not sufficient for the recovery of L. siliquoidea. The potential differences in the gaping 
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behaviors of mussels from different tribes (i.e., time that they remain open vs. closed) may be an 
important factor to consider when interpreting physiological responses to environmental 
stressors, and constitutes and interesting avenue to explore in future studies.  
The results of this study help define the responses of freshwater mussels to chronic 
exposures of elevated pCO2 and subsequent recovery. Should unionid mussels be exposed 
elevated CO2 levels, either through natural (diel and seasonal variation) (63) or anthropogenic 
sources (elevated CO2 from climate change or a non-physical fish barrier) (42, 72), they would 
likely experience stress and respond to the resulting acidosis by increasing/retaining HCO3-, and 
excreting H+. This data suggests that if mussels are exposed to elevated pCO2 for an extended 
period of time, it may translate to population-level consequences through stress and/or energy 
depletion (i.e., increased mobilization of glucose). However, if CO2 stressors are removed, or if 
mussels are moved out of the range of elevated pCO2, physiological changes are likely to be 
transient for most metrics monitored in this study (e.g., for A. plicata mussels, and potentially for 
L. siliquoidea over a recovery period > 14 d). The species-specific differences observed in 
response to elevated pCO2 further encourages the use of multiple species when examining 
responses to environmental stressors, as variations in behavior and physiology may play a role in 
determining how different species and populations experience their environment. L. siliquoidea 
seemed to be the more sensitive to elevated pCO2 exposure, possibly due to both their 
morphology [e.g., thin shells (18, 38)] and behavior [e.g.,, tendency to spend more time open; 
(127)]; whereas the A. plicata may be better equipped to deal with harsh environmental 
conditions. It is therefore important to consider that elevations in pCO2 may have tribe-specific, 
and species-specific effects (i.e., what is stressful for one mussel species may not be for another), 
that may have population- and community-level impacts.  
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CHAPTER 4: THE PHYSIOLOGICAL RESPONSES OF THREE SPECIES OF 
UNIONID MUSSEL TO INTERMITTENT EXPOSURE TO ELEVATED CARBON 
DIOXIDE 
 
Abstract 
 Increasing concentrations of carbon dioxide (CO2) are expected in both the marine and 
terrestrial environments, and have been shown to be stressful for aquatic organisms. One of the 
possible mechanisms for this elevation in freshwater environments is a non-physical fish barrier 
to prevent invasive fish movements. Although intermittent exposures to a stressor may be more 
ecologically relevant, the majority of laboratory tests utilize chronic or short-term time periods to 
determine how organisms will respond to an environmental stressor. This study observes the 
physiological responses of three species of unionid mussel, Pyganodon grandis, Amblema 
plicata, and Lampsilis cardium, to intermittent exposures of control conditions (~1,000 µatm) or 
elevated pCO2 (ranging from ~1,000 - ~55,000 µatm) 12 per day over a 28 d period. In this study 
there was no sign of recovery between applications of CO2 suggesting that the recovery time 
between pulses (1.5 h) was not enough time to recover from the exposure period (0.5 h). 
Observations of acid-base and stress responses were consistent with what has been observed in 
chronic studies of freshwater mussels exposed to elevated pCO2 (i.e., elevation in HCO3-, Ca2+, 
Na+, glucose and decreases in Mg2+ and Cl-). However, species differences were observed across 
almost all variables measured, which emphasized the need for multi-species studies. This study 
suggests that the intermittent time periods in this study were not statistically different from a 
chronic study, as there was no recovery observed between exposures. 
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Introduction 
Environmental stressors are becoming more prevalent with the increasing human 
population. Quantifying how animals respond to environmental stressors at a physiological level 
provides predictions of potential consequences for populations (91). For example, physiological 
metrics can define an immediate suite of variables indicative of short-term assessments of 
organism health, which can be measured long before population or community changes are seen 
(1, 2). As such, physiological metrics are often viewed as pre-impact metrics, and can be used to 
identify mechanisms for individual disturbances, as widespread declines in populations or 
communities are often only seen after an impact has occurred (54). Quantifying physiological 
endpoints has therefore become a critical component of management and conservation (12).  
Studies that quantify the impacts of external stressors on either individuals or 
communities often utilize continuous or extended exposures, and typically do not look at short-
term or intermittent exposures (85). In nature, however, many stressors are intermittent or 
fluctuating, and are not applied on a continual basis (e.g., pollution, temperature, or noise). 
Quantifying responses to intermitted or fluctuating stressors is critical because intermittent or 
pulses of exposure may result in different effects on organismal health and fitness relative to 
chronic, sustained exposures (39). For example, following an initial exposure to a stressor, 
subsequent exposure to the same challenge can result in responses that are similar, exacerbated 
[i.e., carry over effects (73)], or attenuated compared to short-term or chronic time periods (85). 
In addition, animals may experience some amount of recovery between consecutive exposures, 
which may reduce the effects of an earlier pulse, and is dependent on the time between pulses 
(5). The chronic effects of intermittent exposures may be important when considering delayed 
effects such as growth or sublethal physiological responses. Increasing maintenance costs to 
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maintain homeostasis following exposure to a stressor can reduce the quantity of resources that 
can be allocated to growth and reproduction (65). Therefore, assessing how animals deal with 
intermittent stressors compared to chronic and short-term stressors is vital for assessing how 
animals may respond in situ.  
Environmental levels of carbon dioxide (CO2) that are commonly found in freshwater 
ecosystems have the potential to act as both a continuous and intermittent stressors for aquatic 
organisms. Over the past several decades, levels of CO2 in the atmosphere have been increasing 
due to the anthropogenic burning of fossil fuels, which has led to a concomitant increase in the 
partial pressure of carbon dioxide gas (pCO2) in marine ecosystems (101). In freshwater, pCO2 
can vary across and within watersheds (14), as well as episodically and on seasonal and diel 
cycles within water bodies (63). For example, CO2 levels in freshwater can range from nearly 
zero to over the atmospheric equilibrium concentration (63, 93). In addition to these natural 
sources of elevated pCO2, recent work has shown that zones of elevated CO2 can act as non-
physical fish barriers, thereby providing a management tool to prevent the movement and spread 
of invasive fish species (56, 72), as well as a potential anthropogenic source of elevated pCO2 for 
downstream freshwater organisms. While a specific mechanism for the use of CO2-barriers to 
deter fish movements has not yet been defined, one potential application is the intermittent 
addition of CO2 into a navigational lock or approach channel at vulnerable times (108), resulting 
in downstream pulses of CO2-rich water. Thus, downstream fluctuations in CO2 may occur due 
to both natural and anthropogenic sources, making CO2 a potential continuous or intermittent 
stressor for freshwater organisms. 
A taxonomic group of freshwater organisms that may be particularly at risk to CO2 
stressors are freshwater mussels (Order Unionida). Mussels serve many important ecological 
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functions, influence many ecosystem processes (114), and are often used as indicators of 
ecosystem health (125). Though North American freshwater ecosystems contain the highest 
diversity of freshwater mussels in the world, (89, 125) more than half (71%) are listed as 
endangered, threatened, or of special concern, largely due to anthropogenic stressors such at 
habitat alteration and degradation (89, 125). Additionally, while mussels are generally 
considered a homogeneous group of sessile animals, there are four main tribes of mussels in 
North America, Quadrulini, Lampsilini, Pleurobemini, and Amblemini that all vary in 
morphology, physiology and reproductive strategies. For example, the tribe Anodontini is a 
shorter-lived tribe with a fast growth rate and a relatively small relative shell mass (i.e., thin 
shelled) (38). Anodontini mussels are long-term breeders with no active host attraction (113). 
The Amblemini tribe are slower growing, longer-lived species, and have a large relative shell 
mass (i.e., thick shells) (38). These mussels are short-term brooders (48) that use all four gills for 
reproduction (tetragenous) (18). The tribe Lampsilini has a wide range of relative shell mass, but 
are generally also thought to be short-lived and fast growing, although they are often ranked as 
“intermediate” in terms of these traits (38). Additionally, the tribe Lampsilini is known for its 
unique reproductive strategy (i.e., using a lure to attract fish hosts) (127), as well as being a long-
term brooders with specialized outer branchiae (marsupia) to hold glochidia (48). In terms of 
behavior, mussels have a range of different reaction to stressors, disturbance, and toxicity that 
could affect their responses, such as burying, movement, and gaping (62, 116, 128).  
At present, there is a paucity of research on the effects of elevated pCO2 on freshwater 
invertebrates, particularly mussels. Hannan et al. (40) recently showed that mussels experience 
acid-base regulation in the short- and long-term exposures, and a stress response to the long-term 
exposure to elevated pCO2, but this study used a continuous application of a CO2 stressor rather 
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than one that was intermittent as would be expected downstream of a zone of elevated CO2. 
Thus, the goal of this study was to quantify the physiological impacts of an intermittent exposure 
to elevated pCO2 on three species of freshwater mussels each belonging to a different tribe 
(Pyganodon grandis (tribe: Anodontini), Amblema plicata (tribe: Amblemini), and Lampsilis 
cardium (tribe: Lampsilini)). To accomplish this goal, mussels were held for a 28 d period at 
either control pCO2 or exposed to intermittent increases in pCO2 and then sampled for a suite of 
physiological parameters related acid-base and ‘physiological’ stress. Results will help further 
clarify how different exposures to elevated pCO2 will affect freshwater mussels, specifically in 
habitats where pCO2 fluctuates. 
 
Methods 
Mussel Collection and husbandry 
Plain pocketbook (Lampsilis cardium) and threeridge (Amblema plicata) mussels were 
collected by benthic grab from the Mississippi River, Cordova, Illinois, in July 2015. Giant 
floater mussels (Pyganodon grandis) were collected by benthic grab from a barrow pit 
Champaign, Illinois, in August 2015. Mussels were taken to the Aquatic Research Facility at the 
University of Illinois, Champaign-Urbana, IL in coolers (travel time < 3 h for L. cardium and A. 
plicata and < 1 h for P. grandis). Upon arriving at the Aquatic Research Facility, all mussels 
were cleaned of epibionts and tagged for individual identification with a permanent marker (71). 
Once tagged, mussels were placed in three tubs (1,135.6 L) supplied with water from a 0.04 ha 
natural, earthen-bottom pond where they remained for at least 1 wk to recover from transport 
stressors and to acclimatize to lab conditions (26, 27, 49). All tubs were equipped with a Teco 
500 aquarium chiller (TECO-US, Aquarium Specialty, Columbia, SC, USA), and a low-pressure 
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air blower (Sweetwater, SL24H Pentair, Apopka, FL, USA) to maintain aeration. Fifty percent 
water changes using pond water were performed weekly to maintain water quality. Mussels were 
fed a commercial shellfish diet of: Nannochloropsis sp. 1-2 microns and a mixed diet of 
Isochrysis, Pavlova, Thalassiosira, and Tertraselmis spp. 5-12 mircons (Instant Algae, Reed 
Mariculture Inc, Campbell, CA, USA) every other day (117), though mussels did not receive 
supplemental food 24 h prior to sampling. Temperature and dissolved oxygen (DO) were 
recorded daily across all holding tanks with a portable meter (YSI 550A, Yellow Springs 
Instruments, Irvine, CA, USA) and averaged 22 °C (21.7 ± 0.1, standard error, SE) and 7.5 mg/L 
(7.60 ± 0.06, SE). Water pH was measured using a handheld meter (WTW pH 3310 meter, 
Germany), calibrated regularly. Dissolved carbon dioxide and total alkalinity (TA) 
concentrations were measured using digital titration kits (Hach Company, Loveland, CO, USA; 
Titrator model 16,900 cat. No. 2272700 and cat. No. 2271900 for CO2 and TA, respectively).  
 
Fluctuating CO2 exposure 
To define the impacts of fluctuating CO2, mussels (L. cardium, A. plicata, and 
P. grandis) (N = 28 each) were first separated into one of two recirculating treatment systems 
(92 L) of nine 5 L tanks each [adapted from (47)]. These systems were also equipped with a 
Teco 500 aquarium chiller (TECO-US, Aquarium Specialty, Columbia, SC, USA), and a low-
pressure air blower (Sweetwater, SL24H Pentair, Apopka, FL, USA). Fifty percent water 
changes using pond water were performed weekly to maintain water quality, and mussels were 
fed every other day as stated above. In the CO2 treatment system, pCO2 fluctuated every 1.5 h, 
and increased from ambient (~1,000 µatm, 1,355 ± 119 µatm) to ~55,000 µatm (56,492 ± 1,342 
µatm) by bubbling CO2 gas into the water through an air stone. This elevation in pCO2 was held 
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constant at ~55,000 µatm for 0.5 h, for a total of 12 fluctuations per day. Thus, animals were 
held at control levels for 1.5 hours and then at elevated pCO2 levels for 0.5 h and then brought 
back down to control levels for 1.5 h repeatedly during the course of the experiment. The target 
pCO2 was maintained with a pH controller (PINPOINT®, American Marine Inc., CT) that 
automatically bubbled CO2 into the tank system through an air stone should the pH rise above a 
target level during exposure (86, 92). The level of CO2 was then returned to ambient by off-
gassing excess CO2 by bubbling in air though an air stone. An identical recirculating system was 
used as a control, and mussels in this control system were treated in the same way to animals 
receiving CO2, except infused CO2 gas was replaced with compressed air such that mussels were 
held continuously at ambient ~1,000 µatm (876 ± 108 µatm) pCO2. A digital timer (DT620 
Heavy Duty Digital Timer, Intermatic Inc Spring Grove, IL) was used to control additions of 
CO2 and air. A level of 55,000 µatm was targeted, because this level has previously been defined 
as being a potential target CO2 level that can deter the movement of fishes (30). Twelve 
fluctuations per day was chosen because historical lock usage data collected from Brandon Road 
Lock [41.5054° N, 88.0996° W, a possible site for new barrier technology within the Illinois 
River, Illinois, USA (108)] showed that the average lock usage for the last 5 years is ~12 a day 
(109) and the average time the downstream gates were open to be ~ 30 min for the last 15 years 
(110). A modified infrared probe was used to measure pCO2 [Vaisala GMP220 and GMT221, St. 
Louis, MO; (55)], along with a CO2 titration kit to determine the concentration of CO2 (Hach 
Company, cat. No. 2272700, Loveland, CO). Temperature, and DO were measured as stated 
above, and temperature and pH data, along with TA, were measured before and after the 12:00 
exposure and entered into CO2calc to verify pCO2 (94).  
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Individual mussels were non-lethally and repeatedly sampled at random for hemolymph 
on day 1, 4, 7, 14, 21 or 28 d of exposure to fluctuating pCO2 or control conditions, and mussels 
were sampled during the 1.5 h period when CO2 levels were at ambient, not during the 0.5 h 
when CO2 was elevated. Prior to starting this study, it was not known if sampling mussels 
immediately prior to the increase in CO2, or immediately after the period of increased CO2 had 
ended, would be optimal to define the impacts of CO2 on physiological parameters. Therefore, 
mussels were sample during both intervals, and N=7 animals were sampled immediately prior to 
the increase in CO2, and a second N=7 animals were sampled immediately following the increase 
in pCO2, once the pCO2 levels had returned to control. All samples were collected around the 
12:00 h exposure to standardize any potential diel variation in stress parameters. 
Hemolymph (0.5 ml for L. cardium and A. plicata and 0.25 ml for P. grandis) was 
extracted from the anterior adductor muscle with a 1 ml syringe and 26 G needle (36), and 
centrifuged at 12,000 × gravity (g) for 2 min. Following centrifugation, the supernatant was 
removed, flash frozen in liquid nitrogen and stored at -80°C until processing. Mussels were 
sampled for hemolymph only once per sampling day, and all were randomly sampled before or 
after the treatment on each sampling day over the 28 d period. On day 28 of exposure mussels 
were once more sampled for hemolymph as stated above, and then lethally sampled. Lethal 
mussel sampling included measurements for length, width, depth of the whole mussel generated 
with a digital caliper (traceable digital carbon fiber calipers, Fisher Scientific, Pittsburg, PA), and 
weight of the whole mussel (tissue + shell) was collected to the nearest 0.01 g using a waterproof 
balance (HL-300WP, A&D, Ann Arbor, MI). Volume of the whole mussel was collected by 
immersing the mussel in a graduated cylinder with a known volume of water and quantifying 
water displacement, and shell cavity volume was generated by immersing just the shell in a 
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graduated cylinder with a known volume of water and subtracting from the volume of the whole 
mussel. If possible, sex was determined for L. siliquoidia and P. grandis using both their external 
sexual dimorphism and by examination of the gills for glochidia (107). 
 
Laboratory Analyses 
Hemolymph Cl-, Mg2+ and Ca2+ concentrations were assayed in duplicate using 
commercially available kits (QuantiChrom assay kits Cl-, cat. No. DICL-250; Mg2+, cat. No. 
DIMG-250; Ca2+, cat. No. DICA-500; BioAssay Systems, Hayward, CA, USA). Hemolymph 
HCO3- and Na+ levels were measured by the diagnostic clinical pathology lab at the University 
of Illinois Urbana-Champaign using a Beckman chemistry analyzer (Beckman Coulter AU680, 
Beckman Coulter, Brea, CA, USA). Quality control testing for this analyzer was performed at 
least every 24 h. Hemolymph glucose concentrations were assayed in duplicate according to the 
method of Bergmeyer (9) using a 96-well microplate and a plate spectrophotometer (Molecular 
Devices, SpectraMax Plus 384, Sunnyvale, CA, USA). All assays inter- and intra-assay 
coefficients of variability were < 10%. 
 
Statistical Analyses 
 The effect of CO2 exposure on hemolymph ion levels and glucose concentrations were 
quantified using a two-way analysis of variance (ANOVA), with CO2 pressure (fluctuating or 
control), sampling day, and their interaction (pCO2 × sampling day) entered into each model as 
fixed effects. Individual mussel identification number (ID), time point (i.e., sampling before or 
after pCO2), length, dry weight, and sex (if applicable) were initially included in the models as 
co-factors to quantify their potential influence on response variables, but were removed if they 
 51 
	  
had no significant effect on model outputs (31, 129). If at least one of the main effects in the 
ANOVA model was significant, or if the interaction term was significant, a Tukey-Kramer 
honestly significant difference (HSD) post hoc test was applied to separate means (95). Finally, a 
separate t-test was run on each species to quantify differences in dry weight and length across 
different pCO2 treatments.  
For all statistical analyses, analysis of fitted residuals using a quantile-quantile plot (4) 
was used to assess normality, while a Hartley’s Fmax test (41), combined with visual inspection of 
the distribution of fitted residuals, was used to assess homogeneity of variances. If either 
normality or homogeneity of variance assumptions were violated (103), data were rank 
transformed and then re-analyzed within the same parametric model described above, and the 
assumptions of both normality and equal variances were confirmed (22, 51, 83). All data are 
presented as means ± SE where appropriate, all tests were performed using R for Macintosh HD 
(version 3.2.2), and differences were considered significant if α was less than 0.05. For all 
variables and species, there was no effect of sampling before vs. after CO2 application (i.e., time 
point) for either treatment (control or fluctuating), so data from mussels sampled before and after 
CO2 application were combined.  
 
Results 
There was no difference between in the dry weights within any of the mussel species 
among treatments (Table 10). Both P. grandis and A. plicata exposed to fluctuating pCO2 had 
approximately a two-fold increase in hemolymph HCO3- relative to mussels held at ambient 
pCO2 on 14 d, and hemolymph HCO3- remained elevated for the duration of the experiment 
(Table 7 and 8; Figure 9A and 9B, respectively). Lampsilis cardium had a 32 % elevation in 
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hemolymph HCO3- compared to control mussels throughout the experiment that began at 4 d of 
exposure (Table 9, Figure 9C). Additionally, P. grandis exposed to the fluctuating pCO2 
exposure also had at least a 22 % increase in hemolymph Ca2+ levels compared to controls that 
began on 14 d, and remained elevated for the duration of the treatment (Table 7, Figure 10A). 
However, it should be noted that control mussels experienced a 30 % decrease in Ca2+ on day 28 
compared to day 1 (p < 0.001; Figure 10A). The concentration of Ca2+ in the hemolymph of A. 
plicata exposed to fluctuating elevated pCO2 was only elevated compared to control mussels on 
day 7 (Table 8, Figure 10B). Lampsilis cardium exposed to fluctuating pCO2 had an increase in 
hemolymph Ca2+ of 37–87 % relative to the ambient treatment throughout the experiment (Table 
9, Figure 10C). The concentration of Cl- in the hemolymph of A. plicata exposed to fluctuating 
pCO2 was reduced by 30 % on day 7 relative to control animals, but it is important to note that 
Cl- levels were significantly elevated by 48 % in control mussels at day 7 compared to control 
mussels on day 1 (Table 7, Figure 11A). Hemolymph Cl- was unaffected by the treatment of 
pCO2 for both A. plicata and L. cardium, and there was an overall effect of duration on 
hemolymph Cl- for L. cardium, with Cl- concentrations increasing by approximately 5 % by day 
21 of the experiment (Table 8 and 9, Figure 11B and 11C). Pyganodon grandis exposed to 
fluctuating pCO2 had 22 % more Na+ in their hemolymph on day 28 compared to control mussels 
(Table 7, Figure 12A). Finally, the concentration of Na+ in the hemolymph of both A. plicata and 
L. cardium mussels exposed to the fluctuating exposure were at least 14 % higher than controls 
beginning on day 4 of the experiment (Table 8 and 9, Figure 12B and 12C).  
The concentration of Mg2+ in the hemolymph of P. grandis and A. plicata mussels 
exposed to fluctuating pCO2 was reduced more than half compared to control animals on day 14 
and 21, but were no longer different from control mussels at 28 d (Table 7 and 8, Figure 13A and 
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13B). Similarly, the concentration of Mg2+ in the hemolymph of L. cardium mussels exposed to 
fluctuating pCO2 levels were at least 30 % decreased compared to control mussels on day 7 and 
14 but returned to control levels by day 21 (Table 9, Figure 13C). Finally, glucose levels in the 
hemolymph of P. grandis and L. cardium were unaffected by pCO2 (Table 7 and 9, Figure 14A 
and 14C). Hemolymph glucose of A. plicata was significantly affected by CO2 treatment, but not 
sampling time, and was elevated throughout the experiment compared to control animals (Table 
8, Figure 14B). Mortalities were limited, but occurred for two and five P. grandis from the 
control and fluctuating treatments, respectively, and for two A. plicata and one L. cardium 
exposed to the fluctuating pCO2 treatment.  
 
Discussion 
 Following exposure to fluctuating, elevated pCO2, all three mussel species demonstrated 
physiological changes related to acid-base regulation, indicative of disturbance. The elevation of 
CO2 often causes internal fluids of aquatic organisms to become acidified (82). One common 
strategy for organisms to buffer internal acidosis is to increase HCO3- in hemolymph (80, 82). 
For mussels, one way to increase HCO3- in hemolymph is to utilize CaCO3 released from the 
shell (11, 68). Data from the current study would suggest that this buffering strategy was 
employed by all three of the mussel species used as, during intermittent pCO2 exposure, both 
hemolymph HCO3- and Ca2+ were elevated in CO2-exposed mussels relative to mussels held at 
control. Another mechanism that can be used to increase the amount of HCO3- in the hemolymph 
is by reducing the activity of Cl-/HCO3- exchangers, thus sustain HCO3- in hemolymph (16). This 
strategy, however, comes at the cost of Cl- uptake, and a continued loss of Cl- to the water may 
result in a net loss of Cl-. In the present study, a reduction in Cl- of the hemolymph was only 
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observed in P. grandis exposed to elevated pCO2 compared to control mussels, however, this 
difference may have been due to rising Cl- levels in the hemolymph of control mussels rather 
than a decrease in Cl- of CO2-treated mussels. A third strategy that mussels can utilize to buffer 
acidosis of the hemolymph is to mediate activity of Na+/H+ exchangers to increase excretion of 
H+ ions, thus also increasing Na+ uptake (16, 59). An increase in Na+ of the hemolymph was 
observed across all species exposed to elevated fluctuating pCO2 in the present study. However, 
similar to other hemolymph parameters measured, elevations in Na+ were not consistent across 
species, with data showing that P. grandis mussels only had elevated Na+ on 28 d whereas, both 
A. plicata, and L. cardium had increases from 7 – 28 d. Together the results of this study suggest 
that the three species of mussels examined in the present study manipulated HCO3- and H+ 
concentrations in the hemolymph to buffer acidosis, and that species-specific differences in these 
responses to elevated pCO2 exist, namely with respect to Ca2+, Cl-, Na+ and glucose. 
 In addition to the acid-base disturbances observed in the present study, indications that 
the stress response was activated in mussels exposed to fluctuating pCO2 were observed. One 
indicator of stress in freshwater mussels is hemolymph Mg2+, and declines in Mg2+ have been 
associated with stressors such as elevated temperature (32), exposure to heavy metals (44), and 
chronic exposures to elevated CO2 (40). However, despite its use as a bioindicator, there is a lack 
of knowledge on how Mg2+ is used in freshwater mussels (26). In the present study, hemolymph 
Mg2+ levels decreased by about two-fold in all mussels exposed to the fluctuating pCO2 
treatment, but also returned to control levels by day 28 of exposure. Interestingly, a recovery of 
Mg2+ levels was not observed in Fusconaia flava exposed to chronic exposure to ~20,000 µatm 
pCO2 for 32 d (40). Even though there were different pCO2 levels used in the current study 
compared to (40), data would suggests that fluctuating exposures have a different effect that 
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chronic exposures on the response of Mg2+ in the hemolymph of unionid mussels. Hemolymph 
glucose levels, another indicator of stress in freshwater mussels, were elevated only in A. plicata, 
with the other two species not showing an increase in glucose. The mobilization of glucose is a 
traditional step in the stress response, and elevations of hemolymph glucose can be used as an 
indicator of stress for mussels (32, 75). However, this mobilization comes as a cost to non-vital 
functions such as, growth, reproduction, and movement (32, 75). Although the interaction of 
pCO2 and sampling time was not significant and only a significant effect of pCO2 treatment was 
observed, the elevation in glucose in A. plicata appeared to return to control levels following 28 
d of exposure. Taken together, the concentrations of Mg2+ and glucose in the hemolymph suggest 
that all three species of mussel experienced stress during exposure to fluctuating pCO2; however, 
desensitization, acclimation or recovery to the intermittent CO2 stressor may occur over extended 
exposure. 
 Physiological changes such as acid-base and stress responses that animals experience 
following a stressor are energetically challenging, and long-term upregulation or maintenance of 
these responses can lead to less energy availability for non-vital functions such as growth and 
reproduction (118). Following a return to ambient conditions, animals will begin the process of 
recovering from a stressor, a process that may depend on the genotype of an animal (77) and may 
vary depending on the length of exposure (85). Following exposure to intermittent repeated 
exposures to stressors, there is the possibility that animals will respond to subsequent exposures 
in different ways [i.e., exacerbation, attenuation, or no change (85)]. Data from the current study 
would suggest that the exposure duration and CO2 concentration used did not permit recovery 
despite mussels being exposed to water at ambient CO2. All three species of unionid mussel were 
unable to recover in between each pulse of elevated CO2, evidenced by the fact that mussels 
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sampled before the exposure and after the exposure were not statistically different from each 
other. Additionally, similar responses to pCO2 were observed in this study compared to chronic 
exposures (i.e., elevations of Ca2+, Na+, reduction in Mg2+ [i.e. (40)]), which suggests that the 
mussels reacted to the intermittent exposure lengths in this study as they would to a chronic 
stressor (i.e., no recovery between exposures). However, there are differences observed the 
longer the mussels are held. The most notable difference is that Mg2+ was able to return to 
control conditions by the end of the intermittent study, whereas, in previous studies it has been 
chronically decreasing throughout in response to a stressor (33, 40). Although intermittent 
stressors may be more environmentally relevant, in terms of the lengths of exposures and 
concentrations used in this study, there was a similar response to chronic exposures. Thus, aside 
from the attenuation of the Mg2+ response, intermittent exposures had no unique effects of 
elevated pCO2 compared to chronic exposures in terms of acid-base response observed in the 
hemolymph (40). There were differences observed in species specific responses to elevated 
pCO2. 
 Species-specific differences may have resulted from a combination of differences in the 
physiology and behavior of the three mussel species examined. All three species of mussels 
reacted to fluctuating pCO2 in similar ways elevating HCO3- presumably to buffer acidosis. 
However, most of the other acid-base metrics measured in the present study suggest that there 
are species differences in their responses to fluctuating pCO2. The concentration of Ca2+ in the 
hemolymph was different in both P. grandis and L. cardium showing elevated Ca2+ in over half 
of the treatment period, whereas A. plicata only had elevated Ca2+ on day 7 which then returned 
to control levels for the rest of the treatment period. A decrease in hemolymph Cl- was only 
observed in P. grandis, which appears to be a short-term reaction to elevated pCO2 (40), and did 
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not seem to be used in response to a fluctuating exposure to pCO2 to buffer acidosis for either L. 
cardium or A. plicata. Finally, similar elevations in the hemolymph Na+ throughout nearly the 
entire intermittent CO2 exposure period were observed in L. cardium and A. plicata, whereas 
hemolymph Na+ was only raised in P. grandis at 28 d of exposure. This difference in 
hemolymph Na+ levels in response to CO2 exposure suggests that L. cardium and A. plicata may 
rely on increased regulation of the Na+/H+ exchanger to buffer acidosis, a mechanism that may 
be less important for P. grandis until CO2 exposure is extended. In terms of measures of stress 
response, a similar transient decrease in Mg2+ was observed across all species; however, 
hemolymph glucose was only elevated in the hemolymph of A. plicata. The life-history 
differences between A. plicata, a longer-lived short-term breeders, vs. P. grandis and L. cardium, 
shorter-lived long-term breeders, may help to explain these variances in the glucose response to 
intermittent CO2 exposure (124) (i.e., because A. plicata are longer-lived species they may have 
more energy to use to respond to stress rather than focus on reproduction in the short-term). In 
terms of behavior, P. grandis and L. cardium are more mobile species, which may cause them to 
expend more energy on movement, and reduce the energy available when dealing with multiple 
stressors (62, 116). This may account for the lack of a glucose response in both species, because 
they are utilizing their excess energy on movement. Taken together, similar responses to 
intermittent elevation in pCO2 were observed across the three species examined in the present 
study; however the species differences that arose may have been a consequence of different life 
history strategies, shell thicknesses, and behavior, highlighting the importance of considering 
several species when testing an organism’s reaction to a stressor. 
 The results of this study help to clarify freshwater mussel’s response to fluctuating 
exposures of elevated pCO2. There is evidence that, like marine mussels, if freshwater unionid 
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mussels are exposed to elevated pCO2 they will experience acid-base disturbances [the present 
study; (40)]. However, what is dissimilar from previous chronic studies is that the stress response 
of mussels exposed to fluctuating pCO2 is able to return to control conditions after extended 
exposure to ~55,000 µatm, despite the fact that mussels did not appear to recover from diel 
cycles of elevated pCO2. These differences could be due to the use of a chronic exposure of 
~20,000 µatm as opposed to the fluctuating maximum of ~55,000 µatm in the current study (40). 
The species-specific differences observed in response to elevated pCO2 further encourages the 
use of multiple species when examining responses to environmental stressors, as behavior and 
physiology may play a role in affecting how different organisms experience their environment. It 
is therefore important to consider that fluctuating elevations in pCO2 may have similar impacts to 
chronic exposures to elevated pCO2 and that study design (i.e. exposure time and duration 
between application of a stressor is important to consider when setting up a study). Thus, even 
though the majority of mussels survived during the current study, if unionid mussels were 
exposed to intermittent elevations in CO2 (due to either natural or anthropogenic sources) 
populations may be negatively affected because the mussels are investing energy towards acid-
base regulation and stress responses at the expense of growth and reproduction. This information 
can be useful when designing a non-physical barrier, and suggests that an intermittent CO2 
barrier may have species specific population level impacts on freshwater unionid mussels, that 
depending on the length of time between exposures, can be very similar to chronic exposures. 
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CHAPTER 5: GENERAL CONCLUSIONS 
As pCO2 is predicted to increase in both marine and freshwater environments 
understanding the effects of elevated pCO2 on aquatic organisms is a growing concern in both of 
these environments. The amount of pCO2 has the potential to increase due to natural fluctuations, 
climate change, and more recently due to non-physical barriers to invasive fish movement, all of 
which can cause aquatic animals to experience different exposures and different concentrations 
of pCO2. However, the majority of the research has focused on marine environments, and very 
few have touched on freshwater systems. Additionally, marine invertebrates have been some of 
the most studied in terms of climate change, but there has been no research on freshwater 
mussels and elevated pCO2. Thus, my study asks three questions that seek to fill knowledge gaps 
about different levels of pCO2, lengths of exposure, as well as different species of freshwater 
mussels in three separate, yet complementary studies: 1) is one species of freshwater mussel 
affected by short- and long-term exposures to varied levels of pCO2, and can they recovery from 
short-term exposure; 2) are two different species of freshwater mussel affected by long-term 
exposure to barrier level pCO2, and can they recover; and finally 3) are three species of 
freshwater mussel affected by intermittent exposures to barrier level pCO2. 
 The first data chapter of this thesis is one of the first to demonstrate that a unionid mussel 
shows physiological effects of both short- and long-term exposures to elevated pCO2. Most of 
these responses are related to buffering acidosis of the hemolymph, using similar mechanisms to 
marine mussels. There was also evidence of stress, as shown by decreased Mg2+, in the long-term 
exposures. This first chapter provides one of the first studies of the responses of freshwater 
mussels to elevated pCO2 and the mechanisms with which they respond to acidosis. It also 
provides insight into recovery from short-term exposures following return to control conditions.  
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 Results from my second data chapter provide evidence that two different species of 
unionid mussels are affected by chronic exposures to pCO2. This chapter is where we begin to 
observe species differences in how different species of unionid mussels respond to elevated 
pCO2. Similar to the first chapter, physiological changes associated acid-base regulation and a 
stress response were observed; however, for L. siliquoidea many of the changes were observed in 
the recovery period. This chapter provides evidence that some species and tribes of unionid 
mussel will be better equip to deal with elevated pCO2 than others, and that there is evidence of 
recovery. 
 The third data chapter of my thesis observed the physiological effects of yet another type 
of exposure on three species of unionid mussels (intermittent). The effects of intermittent 
exposures to elevated pCO2 is important to look at, as this type of exposure may be more 
ecologically relevant in the future. There was no sign of recovery during the time between pCO2 
exposures. Again there were species differences observed in how these three species of mussel 
from three different tribes responded to elevated pCO2. Like the first two chapters, there is 
evidence of acid-base regulation as well as a stress response, but this chapter stands out because 
the stress response appears to return to control conditions by the end of the study unlike what is 
observed in the long-term experiments.  
 Collectively, the results of these three studies seek to fill knowledge gaps of the impacts 
of short-term, long-term, and intermittent exposures to elevated pCO2 and recovery on five 
different species of freshwater mussels. There is a general pattern throughout all three studies, 
the mussels responded to all elevations of CO2 by attempting to buffer acidosis of their tissues by 
increasing HCO3- and decreasing H+ in the hemolymph. Additionally chronic and intermittent 
exposures caused stress responses in all three studies. There are no signs of stress in the short-
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term; however, there does seem to be a trend that manipulating the Cl-/HCO3- exchanger seem to 
be a short-term response of elevated CO2. This thesis improves our understanding of the 
physiological effects of elevated pCO2 on unionid mussels. It suggests that if mussels are 
exposed to elevated pCO2 they will show a stress response and have mechanisms to buffer 
acidosis, both of which are energetically costly. This chronic use of energy can detract from the 
stores used for growth and reproduction, which can in the long term affect the populations of 
unionid mussels exposed to elevated pCO2. 
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TABLES AND FIGURES 
Table 1.  Results of two-way analyses of variance (ANOVAs) examining the impact of a short-
term exposure to elevated CO2.  Fusconaia flava were exposed to one of three different pCO2 
treatments [~300 µatm (control), ~15,000 µatm or ~200,000 µatm] for 6 h and following a 6 h 
recovery period at control pCO2 (~300 µatm).  Bolded lines indicate statistical significance 
across treatment groups within a measured variable. 
Measured Variable Main Effects SS df F p 
Dry Weight (g) 
 
Entire model 0.24 5 0.95 0.218 
pCO2 0.08 2 0.18 0.837 
Time 0.01 1 0.05 0.831 
pCO2 × time 0.15 2 0.34 0.711 
Error 9.44 42   
Wet Weight (g) 
 
Entire model 4.85 5 0.01 1.000 
pCO2 1.07 2 0.01 0.995 
Time 1.14 1 0.01 0.921 
pCO2 × time 2.64 2 0.01 0.988 
Error 4769.23 42   
Length (cm) 
 
Entire model 18.60 5 0.08 0.955 
pCO2 0.19 2 17.78 0.828 
Time 0.30 1 0.30 0.937 
pCO2 × time 0.52 2 0.52 0.995 
Error 1993.06 42   
Ca2+ (mg/ml) Entire model 0.02 5 9.92 <0.001 
pCO2 0.01 2 8.15 0.001 
Time 0.02 1 25.37 <0.001 
pCO2 × time 0.01 2 3.98 0.026 
Error 0.02 42   
Cl- (mg/ml) Entire model 0.07 5 7.75 <0.001 
pCO2 0.06 2 16.70 <0.001 
Time <0.01 1 0.17 0.678 
pCO2 × time 0.01 2 2.60 0.087 
Error 0.08 42   
Na+  (g/l) Entire model 0.006 5 8.410 <0.001 
pCO2 0.006 2 19.370 <0.001 
Time <0.001 1 0.001 0.976 
pCO2 × time <0.001 2 2.460 0.104 
Error 0.004 33   
Mg2+ (mg/ml) Entire model <0.001 5 1.47 0.219 
 pCO2 <0.001 2 2.03 0.144 
 Time <0.001 1 1.86 0.180 
 pCO2 × time <0.001 2 0.72 0.491 
 Error <0.001 42   
Glucose (µM) Entire model 719.25 5 0.71 0.618 
 pCO2 370.50 2 0.63 0.433 
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Table 1 cont. 
 Time 126.75 1 0.92 0.408 
 pCO2 × time 222.00 2 0.55 0.582 
 Error 9212.00 42   
 
Table 2.  Concentrations of hemolymph Mg2+ and glucose, along with body condition index 
(BCI) for Fusconaia flava sampled after an exposure to one of three different elevated pCO2 
[~300 µatm (control), ~15,000 µatm or ~200,000 µatm], and after a 6 h recovery period at 
control pCO2 (~300 µatm).  Data are presented as means ± SE (N = 8).  No statistical differences 
were detected across treatments within a measured variable (two-way ANOVA, Table 1). 
Measured 
Variable Treatment ~300 µatm ~15,000 µatm ~200,000 µatm 
Mg2+ (mg/ml) CO2 exposure 0.02 ± 0.002 0.02 ± 0.002 0.02 ± 0.001 
 Recovery 0.02 ±0.001 0.02 ± 0.002 0.02 ± 0.001 
Glucose (µM) CO2 exposure 106.03 ± 16.953 104.31 ± 22.278 97.90 ± 7.690 
 Recovery 161.68 ± 60.201 79.96 ± 10.044 84.04 ± 14.069 
 
Table 3. Results of two-way analyses of variance (ANOVAs) quantifying the impact of long-
term exposure to elevated pCO2.  Fusconaia flava were exposed to either control pCO2 (~1,000 
µatm) or ~20,000 µatm for 4, 8, or 32 d.  Bolded lines indicate statistical significance across 
treatment groups within a measured variable. 
Measured Variable Main Effects SS df F P 
Dry Weight (g) Entire model 0.28 5 0.30 0.911 
 pCO2 0.01 1 0.07 0.797 
 Time 0.18 2 0.46 0.633 
 pCO2 × time 0.10 2 0.25 0.78 
 Error 7.99 42   
Wet Weight (g) Entire model 4.27 5 0.006 1.000 
 pCO2 0.08 1 0.001 0.981 
 Time 3.31 2 0.011 0.989 
 pCO2 × time 0.87 2 0.003 0.997 
 Error 6110.67 42   
Length (cm) Entire model 15.56 5 0.06 0.998 
 pCO2 2.76 1 0.05 0.820 
 Time 0.60 2 0.01 0.994 
 pCO2 × time 12.20 2 0.12 0.891 
 Error 2206.87 42   
Ca2+ (mg/ml) Entire model 0.008 5 5.66 <0.001 
 pCO2 0.002 1 6.62 0.014 
 Time <0.001 2 0.23 0.798 
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Table 3 cont. 
 pCO2 × time 0.005 2 10.61 <0.001 
 Error 0.020 42   
Cl- (mg/ml) Entire model 0.02 5 6.10 <0.001 
 pCO2 <0.001 1 1.17 0.285 
 Time 0.01 2 9.52 <0.001 
 pCO2 × time 0.01 2 5.14 <0.001 
 Error 0.04 42   
Na+ (g/l) Entire model 0.013 5 13.38 <0.001 
 pCO2 0.002 1 14.28 <0.001 
 Time 0.007 2 16.18 <0.001 
 pCO2 × time 0.003 2 7.53 0.002 
 Error 0.020 40   
Mg2+ (mg/ml) Entire model 0.001 5 22.99 <0.001 
pCO2 <0.001 1 48.65 <0.001 
Time <0.001 2 26.99 <0.001 
pCO2 × time <0.001 2 6.17 0.005 
Error <0.001 42   
Glucose (uM) Entire model 2773.00 5 3.62 0.008 
pCO2 363.00 1 2.37 0.131 
Time 1848.88 2 6.03 0.005 
pCO2 × time 561.13 2 1.83 0.173 
Error 9212.00 42   
Body Condition 
Index (g/ml) 
Entire model 1407.17 5 0.61 0.692 
pCO2 571.60 1 1.24 0.272 
Time 76.24 2 0.08 0.921 
pCO2 × time 751.60 2 0.82 0.446 
Error 20755.76 42   
      
 
Table 4.  Levels of hemolymph Cl-, glucose, and body condition index (BCI) of Fusconaia flava 
exposed to either control (~1,000 µatm) or ~20,000 µatm pCO2 for 4, 8, or 32 d.  Data are 
presented as means ± SE (N = 8).  For Cl- there was a significant interaction term and groups that 
do not share a letter are significantly different from one another; for glucose, there was only a 
significant effect of sampling time which are represented by ‘days’ that do not share a letter 
(two-way ANOVA, see Table 3). 
Measured Variable CO2 Day 4 Day 8 Day 32 
Cl- (mg/ml) ~1,000 µatm 0.25 ± 0.01a 0.23 ± 0.01abc 0.20 ± 0.01c 
 ~20,000 µatm 0.23 ± 0.01ab 0.21 ± 0.01bc 0.22 ± 0.01abc 
Glucose (uM) ~1,000 µatm 92.38 ± 10.48ab 194.88 ± 35.05a 95.87 ± 29.55b 
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Table 4 cont. 
 ~20,000 µatm 219.41 ± 48.38ab 179.20 ± 37.42a 86.94 ± 15.13b 
BCI (g/ml) ~1,000 µatm 99.73 ± 4.70 102.15 ± 5.51 90.03 ± 8.45 
 ~20,000 µatm 102.89 ± 5.18 101.74 ± 5.29 107.99 ± 12.92 
	  
Table 5. Results of two-way analyses of variance (ANOVAs) examining the impact of chronic 
exposure to elevated pCO2 on fatmucket mussels (Lampsilis siliquoidea) exposed to one of three 
different pCO2 treatments (<100 [control], ~20,000, and ~55,000 µatm) for 1, 4, 7, or 28 d with 
an additional 7 or 14 d recovery period at control conditions (<100 µatm). Bolded lines indicate 
statistical significance across treatment groups within a measured variable. 
Measured 
Variable 
Main Effects SS df F P 
HCO3- 
(mmol/l) 
Treatment 
Day 
Treatment×Day 
Residuals 
 
142.6 
434.0 
121.9 
205.7 
 
2 
5 
10 
117 
 
40.54 
49.36 
6.93 
 
<0.001 
<0.001 
<0.001 
 
Ca2+ 
(mg/ml) 
Treatment 
Day 
Volume 
Treatment×Day 
Residuals 
 
0.0033 
0.3253 
0.009 
0.0461 
0.1203 
 
2 
5 
1 
10 
121 
 
1.64 
65.44 
9.03 
4.64 
 
0.198 
<0.001 
0.003 
<0.001 
 
Cl- 
(mg/ml) 
Treatment 
Day 
Treatment×Day 
Residuals 
 
26085 
76354 
62711 
63504 
 
2 
5 
10 
122 
 
25.06 
29.34 
12.05 
 
<0.001 
<0.001 
<0.001 
 
 
Na+  
(g/l) 
Treatment 
Day 
Treatment×Day 
Residuals 
 
52728 
64696 
47948 
36077 
 
2 
5 
10 
114 
 
83.31 
40.89 
15.15 
 
<0.001 
<0.001 
<0.001 
 
Glucose  
(µM) 
Treatment 
Day 
Treatment×Day 
Residuals 
 
19196 
32557 
36706 
140147 
2 
5 
10 
122 
8.36 
5.67 
3.20 
<0.001 
<0.001 
0.001 
Mg2+ 
(mg/ml) 
Treatment 
Day 
Volume 
Treatment×Day 
Residuals 
 
3574 
98991 
3789 
43261 
79039 
 
2 
5 
1 
10 
121 
 
2.74 
30.31 
5.80 
6.62 
 
0.069 
<0.001 
<0.001 
<0.001 
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Table 6. Results of two-way analyses of variance (ANOVAs) examining the impact of chronic 
exposure to elevated pCO2 on threeridge mussels (Amblema plicata) exposed to one of three 
different pCO2 treatments (<100 [control], ~20,000, and ~55,000 µatm) for 1, 4, 7, or 28 d with 
an additional 7 or 14 d recovery period at control conditions (<100 µatm). Bolded lines indicate 
statistical significance across treatment groups within a measured variable. 
Measured  
Variable 
Main Effects SS  df F P 
HCO3-  
(mmol/l) 
Treatment 
Day 
Treatment×Day 
Residuals 
 
21128 
33780 
23148 
91698 
 
 2 
5 
10 
111 
 
12.79 
8.18 
2.80 
 
<0.001 
<0.001 
0.004 
 
Ca2+ 
(mg/ml) 
Treatment 
Day 
Treatment×Day 
Residuals 
 
0.026 
0.027 
0.043 
0.051 
 
 2 
5 
10 
111 
 
28.12 
11.89 
9.28 
 
<0.001 
<0.001 
<0.001 
 
Cl- 
(mg/ml) 
Treatment 
Day 
Treatment×Day 
Residuals 
 
0.004 
0.033 
0.073 
0.146 
 
 2 
5 
10 
111 
 
1.73 
5.07 
5.53 
 
0.182 
<0.001 
<0.001 
  
Na+  
(g/l) 
Treatment 
Day 
Treatment×Day 
Residuals 
 
90.8 
331.8 
76.2 
119.6 
 
 2 
5 
10 
111 
 
42.13 
61.57 
7.07 
 
<0.001 
<0.001 
<0.001 
 
Glucose  
(uM) 
Treatment 
Day 
Treatment×Day 
Residuals 
 
7740 
6606 
2534 
41169 
 2 
5 
10 
106 
9.96 
3.40 
0.65 
 
<0.001 
0.007 
0.766 
Mg2+  
(mg/ml) 
Treatment 
Day 
Treatment×Day 
Residuals 
 
0.00002 
0.003 
0.002 
0.005 
 
 2 
5 
10 
111 
 
0.19 
13.50 
3.84 
 
0.826 
<0.001 
<0.001 
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Table 7. Results of ANOVA examining the impact of fluctuating exposure to elevated pCO2 on 
Pyganodon grandis exposed to one of two different pCO2 treatments (~1,000 µatm [ambient]; 
intermittent at ~55,000 µatm) for 28 d. Bolded lines indicate statistical significance across 
treatment groups within a measured variable. 
Measured 
Variable 
Main Effects SS df F p 
HCO3- (mmol/l) Treatment 
Day 
Treatment×Day 
Residuals 
 
4.84 
1.29 
2.18 
4.61 
1 
4 
4 
110 
115.59 
7.71 
12.99 
<0.001 
<0.001 
<0.001 
Ca2+ (mg/ml) Treatment 
Day 
Treatment×Day 
Residuals 
 
40708 
40630 
22285 
79450 
1 
4 
4 
120 
61.50 
15.34 
8.42 
<0.001 
<0.001 
<0.001 
Cl- (mg/ml) Treatment 
Day 
Treatment×Day 
Residuals 
 
16163 
59308 
17084 
90518 
1 
4 
4 
120 
21.43 
19.66 
5.66 
<0.001 
<0.001 
<0.001 
Na+ (g/l) Treatment 
Day 
Treatment×Day 
Residuals 
 
3033 
48876 
9883 
87826 
1 
4 
4 
112 
3.87 
15.58 
3.15 
0.0517 
<0.001 
0.0170 
Mg2+ (mg/ml) Treatment 
Day 
Treatment×Day 
Residuals 
 
0.001 
0.002 
0.002 
0.003 
1 
4 
4 
120 
46.21 
15.28 
18.33 
 
<0.001 
<0.001 
<0.001 
Glucose (µM) Treatment 
Day 
Treatment×Day 
Residuals 
 
2656 
12606 
10084 
137268 
1 
4 
4 
115 
2.23 
2.64 
2.11 
0.1385 
0.0373 
0.0838 
 
Table 8. Results of ANOVA examining the impact of fluctuating exposure to elevated pCO2 on 
Lampsilis cardium exposed to one of two different pCO2 treatments (~1,000 µatm [ambient]; 
intermittent at ~55,000 µatm) for 28 d. Bolded lines indicate statistical significance across 
treatment groups within a measured variable. 
Measured 
Variable 
Main Effects SS df F p 
HCO3- (mmol/l) Treatment 
Day 
Treatment×Day 
Residuals 
 
7.28 
0.47 
2.10 
6.48 
1 
4 
4 
126 
141.70 
2.27 
0.52 
<0.001 
0.0653 
<0.001 
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Table 8 cont. 
Ca2+ (mg/ml) Treatment 
Day 
Treatment×Day 
Residuals 
 
0.171 
0.024 
0.022 
0.058 
1 
4 
4 
127 
377.5 
13.36 
12.20 
<0.001 
<0.001 
<0.001 
Cl- (mg/ml) Treatment 
Day 
Treatment×Day 
Residuals 
 
479 
30987 
4442 
169113 
1 
4 
4 
125 
0.35 
5.73 
0.821 
0.553 
<0.001 
0.514 
Na+ (g/l) Treatment 
Day 
Treatment×Day 
Residuals 
 
369.3 
10.6 
33.4 
344.8 
1 
4 
4 
126 
134.96 
0.97 
3.05 
<0.001 
0.4273 
0.0194 
Mg2+ (mg/ml) Treatment 
Day 
Treatment×Day 
Residuals 
 
0.001 
0.0003 
0.0008 
0.004 
1 
4 
4 
127 
46.24 
2.62 
7.31 
 
<0.001 
0.038 
<0.001 
Glucose (µM) Treatment 
Day 
Treatment×Day 
Residuals 
 
483 
1938 
2369 
69399 
1 
4 
4 
117 
0.81 
0.81 
1.00 
0.369 
0.517 
0.411 
 
Table 9. Results of ANOVA examining the impact of fluctuating exposure to elevated pCO2 on 
Amblema plicata exposed to one of two different pCO2 treatments (~1,000 µatm [ambient]; 
intermittent at ~55,000 µatm) for 28 d. Bolded lines indicate statistical significance across 
treatment groups within a measured variable. 
Measured 
Variable 
Main Effects SS df F p 
HCO3- (mmol/l) Treatment 
Day 
Treatment×Day 
Residuals 
 
8.73 
3.12 
2.54 
9.37 
1 
4 
4 
127 
118.33 
10.57 
8.61 
<0.001 
<0.001 
<0.001 
Ca2+ (mg/ml) Treatment 
Day 
Treatment×Day 
Residuals 
 
0.02 
0.02 
0.02 
0.13 
1 
4 
4 
127 
16.06 
4.99 
4.14 
<0.001 
<0.001 
0.003 
Cl- (mg/ml) Treatment 
Day 
Treatment×Day 
Residuals 
 
1676 
47572 
16923 
148094 
1 
4 
4 
127 
1.44 
10.12 
3.63 
0.232 
<0.001 
0.008 
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Table 9 cont. 
Na+ (g/l) Treatment 
Day 
Treatment×Day 
Residuals 
 
521 
26.5 
126.8 
313.5 
1 
4 
4 
127 
211.07 
2.68 
12.85 
<0.001 
0.0345 
<0.001 
Mg2+ (mg/ml) Treatment 
Day 
Treatment×Day 
Residuals 
 
0.0005 
0.0015 
0.0021 
0.0041 
1 
4 
4 
125 
16.41 
11.49 
15.68 
 
<0.001 
<0.001 
<0.001 
Glucose (µM) Treatment 
Day 
Treatment×Day 
Residuals 
 
1.09 
0.32 
0.49 
15.77 
1 
4 
4 
127 
8.75 
0.65 
0.99 
0.004 
0.627 
0.416 
 
Table 10. Results of t-test examining the impact of dry weight and length on different pCO2 
treatments. No significant effects were detected. 
Measured 
Variable 
Species df t p 
Dry Weight (g) Threeridge 17.26 -1.247 0.229 
Length (cm)  21.65 0.526 0.604 
Dry Weight (g) Pocketbook 22.23 0.673 0.508 
Length (cm)  20.70 0.218 0.830 
Dry Weight (g) Giant Floater 16.82 -0.617 0.545 
Length (cm)  18.95 0.350 0.730 
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Figure 1. Concentrations of Ca2+ (A), Cl- (B), and Na+ (C) in the hemolymph of Fusconaia flava 
exposed to three treatments of pCO2 [~300 (control), ~15,000, and ~200,000 µatm] for 6 h (black 
bars) followed by a subsequent 6 h recovery in water at control pCO2 (~300 µatm; white bars). 
Data are presented as means ± SE (N = 8). Groups that do not share a letter are significantly 
different from one another (two way ANOVA, see Table 1). Lines over multiple bars represent 
an overall significant effect of pCO2 treatment but not sampling time. 
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Figure 2. Concentration of Mg2+ (A), Ca2+ (B), and Na+ (C) in the hemolymph in Fusconaia 
flava held at either control (~1,000 µatm; black bars) or ~20,000 µatm pCO2 (white bars) for 4, 
8, or 32 d. Data are presented as means ± SE (N = 8). Groups that do not share a letter are 
significantly different from one another (two way ANOVA, see Table 3). 
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Figure 3. Concentrations of HCO3- in the hemolymph of (A) fatmucket (Lampsilis siliquoidea) 
and (B) threeridge (Amblema plicata) mussels exposed to three levels of pCO2, <100 (control), 
~20,000, and ~55,000 µatm for 1, 4, 7, or 28 d. The dashed line represents the onset of the 
recovery treatment, where all CO2 levels were returned to control conditions (<100 µatm) for an 
additional 7 or 14 d. Data are presented as means ± SE (N = 8-10). An asterisk (*) represents 
groups that were significantly different from the control treatment within a time point (two-way 
ANOVA; see Tables 5, 6). 
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Figure 4. Concentrations of Ca2+ in the hemolymph of (A) fatmucket (Lampsilis siliquoidea) and 
(B) threeridge (Amblema plicata) mussels exposed to three levels of pCO2, <100 (control), 
~20,000, and ~55,000 µatm for 1, 4, 7, or 28 d. The dashed line represents recovery where all 
CO2 levels were returned to control conditions (<100 µatm) for an additional 7 or 14 d. Data are 
presented as means ± SE (N = 8-10). An asterisk (*) represents groups that are significantly 
different from the control treatment within a time point (two-way ANOVA; see Tables 5, 6). 
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Figure 5. Concentrations of Cl- in the hemolymph of (A) fatmucket (Lampsilis siliquoidea) and 
(B) threeridge (Amblema plicata) mussels exposed to three levels of pCO2, <100 (control), 
~20,000, and ~55,000 µatm for 1, 4, 7, or 28 d. The dashed line represents recovery where all 
CO2 levels were returned to control conditions (<100 µatm). Data are presented as means ± SE 
(N = 8-10). An asterisk (*) represents groups that are significantly different from the control 
treatment within a time point (two-way ANOVA; see Tables 5, 6). 
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Figure 6. Concentrations of Na+ in the hemolymph of (A) fatmucket (Lampsilis siliquoidea) and 
(B) threeridge (Amblema plicata) mussels exposed to three levels of pCO2, <100 (control), 
~20,000, and ~55,000 µatm for 1, 4, 7, or 28 d. The dashed line represents recovery where all 
CO2 levels were returned to control conditions (<100 µatm). Data are presented as means ± SE 
(N = 8-10). An asterisk (*) represents groups that are significantly different from the control 
treatment within a time point (two-way ANOVA; see Tables 5, 6). 
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Figure 7. Concentrations of glucose in the hemolymph of (A) fatmucket (Lampsilis siliquoidea) 
and (B) threeridge (Amblema plicata) mussels exposed to three levels of pCO2, <100 (control), 
~20,000, and ~55,000 µatm for1, 4, 7, or 28 d. The dashed line represents recovery where all 
CO2 levels were returned to control conditions (<100 µatm). Data are presented as means ± SE 
(N = 8-10). For panel A, an asterisk (*) represents groups that are significantly different from the 
control treatment within a time point (two-way ANOVA; see table 5). For panel B, there was no 
significant interaction between pCO2 treatment and sampling day; a caret (^) represents a 
significant effect of pCO2 treatment between mussels exposed to ~55,000 and those exposed to 
<100 µatm (control) (two-way ANOVA; see Table 6). 
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Figure 8. Concentrations of Mg2+ in the hemolymph of (A) fatmucket (Lampsilis siliquoidea) 
and (B) threeridge (Amblema plicata) mussels exposed to three levels of pCO2, <100 (control), 
~20,000, and ~55,000 µatm for 1, 4, 7, or 28 d. The dashed line represents recovery where all 
CO2 levels were returned to control conditions (<100 µatm). Data are presented as means ± SE 
(N = 8-10). An asterisk (*) represents groups that are significantly different from the control 
treatment within a time point (two-way ANOVA; see Tables 5, 6). 
 78 
	  
 
Figure 9. Concentrations of HCO3- in the hemolymph of (A) Pyganodon grandis (N = 9-14), (B) 
Amblema plicata (N = 12-14), and (C) Lampsilis cardium (N = 13-14) mussels exposed to two 
treatments of pCO2, ~1,000 (control) or intermittent increase at ~55,000 µatm for 1, 7, 14, 21, or 
28 d. Data are presented as means ± SE (N = 9-14). An asterisk (*) represents groups that were 
significantly different from the control treatment within a time point (two-way ANOVA; see 
Tables 7, 8, and 9). 
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Figure 10. Concentrations of Ca2+ in the hemolymph of (A) Pyganodon grandis (N = 9-14), (B) 
Amblema plicata (N = 12-14), and (C) Lampsilis cardium (N = 13-14) mussels exposed to two 
treatments of pCO2, ~1,000 (control) or intermittent increase at ~55,000 µatm for 1, 7, 14, 21, or 
28 d. Data are presented as means ± SE (N = 9-14). An asterisk (*) represents groups that were 
significantly different from the control treatment within a time point (two-way ANOVA; see 
Tables 7, 8, and 9). 
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Figure 11. Concentrations of Cl- in the hemolymph of (A) Pyganodon grandis (N = 9-14), (B) 
Amblema plicata (N = 12-14), and (C) Lampsilis cardium (N = 13-14) mussels exposed to two 
treatments of pCO2, ~1,000 (control) or intermittent increase at ~55,000 µatm for 1, 7, 14, 21, or 
28 d. Data are presented as means ± SE (N = 9-14). An asterisk (*) represents groups that were 
significantly different from the control treatment within a time point (two-way ANOVA; see 
Tables 7, 8). For panel C, there was no significant interaction between pCO2 treatment and 
sampling day; a bar above the treatments of a day represents a significant effect of time (two-
way ANOVA; see Table 9). 
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Figure 12. Concentrations of Na+ in the hemolymph of (A) Pyganodon grandis (N = 9-14), (B) 
Amblema plicata (N = 12-14), and (C) Lampsilis cardium (N = 13-14) mussels exposed to two 
treatments of pCO2, ~1,000 (control) or intermittent increase at ~55,000 µatm for 1, 7, 14, 21, or 
28 d. Data are presented as means ± SE (N = 9-14). An asterisk (*) represents groups that were 
significantly different from the control treatment within a time point (two-way ANOVA; see 
Tables 7, 8, and 9). 
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Figure 13. Concentrations of glucose in the hemolymph of (A) Pyganodon grandis (N = 9-14), 
(B) Amblema plicata (N = 12-14), and (C) Lampsilis cardium (N = 13-14) mussels exposed to 
two treatments of pCO2, ~1,000 (control) or intermittent increase at ~55,000 µatm for 1, 7, 14, 
21, or 28 d. Data are presented as means ± SE (N = 9-14). An asterisk (*) represents groups that 
were significantly different from the control treatment within a time point (two-way ANOVA; 
see Tables 7, 8, and 9). 
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Figure 14. Concentrations of Mg2+ in the hemolymph of (A) Pyganodon grandis (N = 9-14), (B) 
Amblema plicata (N = 12-14), and (C) Lampsilis cardium (N = 13-14) mussels exposed to two 
treatments of pCO2, ~1,000 (control) or intermittent increase at ~55,000 µatm for 1, 7, 14, 21, or 
28 d. Data are presented as means ± SE (N = 9-14). An asterisk (*) represents groups that were 
significantly different from the control treatment within a time point (two-way ANOVA; see 
Tables 7, 9). For panel B, there was no significant interaction between pCO2 treatment and 
sampling day; a caret (^) represents a significant effect of pCO2 treatment between mussels 
exposed to fluctuating ~55,000 and those exposed to ~1,000 µatm (control) (two-way ANOVA; 
see Table 8). 
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